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ABSTRACT 


This  report  is  an  addendum  to  REIC  Report  No.  21  and 
•  resents  the  state  of  the  art  of  the  effects  of  nuclear  radia* 
t  ton  on  elastomeric  and  plastic  components  and  materials 
t  om  1961  to  the  present. 

The  mechanism  of  radiation  damage  and  the  effects  of 
radiation  ir.  various  environments  are  briefly  discussed. 

Data  summarizing  the  radiation-effects  information  on  spe¬ 
cific  components  and  on  the  various  types  of  elastomers  and 
plastics  are  presented  in  detail.  Areas  in  which  additional 
’’■ork  is  needed  are  indicated.  Radiation  polymerization  or 
vulcanization  are  not  covered  in  this  report. 

The  report  is  intended  to  be  sufficiently  inclusive  to 
make  it  valuable  as  a  reference  guide  relative  to  radiation 
effects  under  varying  conditions  of  temperature  ;;:.d  vac¬ 
uum  on  elastomeric  and  plastic  components  and  materials. 
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THE  EFFECT  OF  NUCLEAR  RADIATION  ON  ELASTOMERIC 
AND  PLASTIC  COMPONENTS  AND  MATERIALS 
(ADDENDUM  REPr.RT) 


-  --SUMMAit¥-At©-CON  CtUSIONS 


There  ie  a  widespread  interest  in  polymeric  materials  which  may  be  used  in  aero¬ 
space  applications.  There  is  an  increasing  demand  for  information  on  tbs  behavior  of 
these  materials  in  a  radiation  environment  (nuclear,  ultraviolet  and  particle  radiation), 
in  a  high  vacuum,  and  at  extreme  temperatures.  Thi*  is  reflected  in  the  amount  and 
types  of  publications  which  have  become  available  since  the  publication  of  REIC  Report 
No.  21  on  "The  Effect  of  Nuclear  Radiation  on  Elastomeric  and  Plastic  Components  and 
Materials".  The  amount  of  data  which  has  become  available  since  1961  is  somewhat 
limited,  although  both  the  quality  and  scope  have  improved.  The  trend,  noted  in  Report 
No,  21,  of  testing  components  in  the  environments  to  be  encountered  in  actual  operation 
has  increased.  Data  on  the  behavior  of  polymers  in  a  radiation-vacu-.u  -extreme  tem¬ 
perature  environment  have  become  available.  Because  of  the  difficulties  in  obtaining 
data  of  this  type,  the  amount  is  still  limited.  However,  it  is  encouraging  to  see  the 
progress  in  this  direction. 

In  general,  materials  having  a  high  degree  of  cure,  high  molecular  w«  \  good 
heat  resistance,  and  little  or  no  plasticiser  or  other  volatile  additive  show  omise  for 
use  m  uvironment.  In  some  cases,  the  radiation  resistance  of  a  material  is  im¬ 

prove  .  in  vacuum  because  of  the  lack  of  oxygen  which  is  generally  the  major  contributing 
fact  to  ier  deterioration. 

Polyimid..  and  phosphonitrillic  chloride  pclymers  have  been  reported  as  having 
improved  radiation  stability  over  presently  used  polymers  and  merit  consideration  for 
further  development  and  application  in  end  items.  O-rings  manufactured  from  rubber 
compositions  containing  antirads  have  shown  improved  service  life  in  a  radiation  en¬ 
vironment,  although  this  improvement  stil1  falls  short  of  the  requirements  for  many 
applications.  Several  structural  adhesives  and  laminates  have  been  found  to  be  satis¬ 
factory  in  radiation  exposures  at  cryogenic  temperatures.  These  include  po.’yurethane, 
epoxy  and  modified  epoxy,  phenolic,  and  polyester  materials. 

In  this  addendum  report,  a  brief  summary  of  the  effects  of  radiation  and  other 
known  environmental  conditions  is  given  for  end  items  ana  aia..  -  ils,  A  comparison  of 
the  relative  resistance  is  provided  by  Figures  1  through  4  and  Tables  1  and  2,  which 
show  the  stability  of  the  various  elastomers  and  ph.ctics  to  gamma  radiation  as  well  as 
noting  the  general  effects  of  vacuum  and  ultraviolet  radiation  on  these  materials.  At 
the  present  time,  data  are  not  sufficient  to  definitely  establish  the  life  of  a  particular 
material  for  all  conditions  of  exposure,  but  the  data  do  give  guidelines  which  will  help  to 
determine  the  proper  use  of  various  types  of  polymeric  materials. 

In  general,  the  vacuum  environment  has  not  proven  to  be  too  severe.  Most  of  the 
polymeric  materials  have  not  been  too  seriously  affected  by  this  environment  and  have 
maintained  satisfactory  properties.  Several  plastic  materials  have  shown  promise  for 
use  at  cryogenic  temperatures.  In  most  cases,  the  effects  of  nuclear  radiation  under 
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Comma  Exposure  Dose,  «ro$  cf;  (C) 


A- 48921 


* 


FIGURE  3.  RELATIVE  RADIATION  STABILITY  OF  THERMOSETTING  RESINS 


FIGURE  4.  RELATIVE  RADIATION  RESISTANCE  uf  THERMOPLASTIC  RESINS 
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_  Polymer 

PbiH'I 


TABLE  1.  EFFECT  OP  VACUUM  ON  RADIATION  STABILITY  OF  POLYMERS 


Effect  of  Vaeuui 


. DuUyJ.pmiuius _ 

£po\y 

Mylar 

Poly;  nide  (nylon) 

Polycarbonate 
Polyethylene 
Polyvinyl  chloride 
Silicone 
Teflon 

Kynar  (polyvinylidene  fluoride) 
Tedlar  (polyvinyl  fluoride) 

Kel-F  (trifluoromonochloroethyiene) 

F'astoners 


No  significant  effect 
No  significant  effect 
Improves  stability 
No  significant  effect 
Slight  improvement 
Improves  stability 
Deceases  stability 
Improves  stability 
Improves  stability  substantially 
No  significant  effect 
No  significant  effect 
Improt  -'s  stability 


Polyacrylic 

Butyl 

Hypalon  (chlorosulfonated  polyethylene) 

Neoprene 

Nitrile 

Polytulfide 

Po’.vnr''t’'*'ie 

Silicon* 

Vito;  \ 


No  significant  effect 
No  significant  effect 
Decreases  stability 

No  significant  effect  (conflicting  data) 
Decreases  stability 
No  significant  effect 
No  significant  effect 
No  significant  effect 
Improves  stability 


(a)  These  effect*  are  oi..  •  general  and  individual  compositions  may  behave  differently. 


Plastics 


TABLE  2.  EFFECT  OF  ULTRAVIOLET  RADIATION  ON  POLYMER  STABILITY 


Polymer 


Effect  of  Ultraviolet  Enen 


Mylar 

Polyamide  (nylon) 

Polymethyl  methacrylate 

Polyethylene 

Polypropylene 

Polyimide 

Polystyrene 

Plasticized  polyvinyl  chloride 
Teflon 

Elastomers 


Decrease!  (ensile  strength  and  el  ngatlon 

No  significant  effect 

Surface  dlscolorat<on  and  ciazlng 

Embrittlement 

Err.bi.tii.ini..  • 

No  significant  effect 
Yellows 

Develops  tacky  and  discolored  surface 
No  significant  effect 


Butyl 

Hypalon  (chlorosulfonated  polyethylene) 

Neop’ene 

Nitrile 

Styrene-butadiene  fSBR) 

Silicone 
Vlton  A 


Increases  tensile  strength  and  elongation 
No  significant  effect 

increases  tensile  strengtn,  decreases  elongation 
Decreases  tensile  strength  and  elongation 
Decreases  tensile  strength  and  elongation 
Surf-.ee  crazing 
No  signif.cant  effect 
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these  combined  environments  are  not  any  more  serious  than  under  atmospheric  condi¬ 
tions  as  far  as  usefulness  in  various  components  is  concerned.  Some  materials  such  as 
Teflon  have  shown  better  properties  in  these  combined  environments.  However,  it  re¬ 
mains  a  matter  of  proper  compounding  and  curing  and  individual  study  to  determine  the 
applicability  of  the  variouc  materials  for  a  particular  component  use. 


Recommendations 


(1)  The  recommendations  made  in  REIC  Report  No.  21  are  still  applicable. 
Although  some  steps  have  been  made  to  secure  the  data  recommended  in 
that  report,  there  is  still  need  for  more  work  in  these  areas. 

(2)  More  data  are  needed  on  .he  amount  of  damage  which  may  be  accrued  by 
elastomeric  and  plastic  materials  before  failure  occurs  in  the  operation 
of  the  fabricated  component.  Information  is  needed  or  minimum  strength 
requirements  before  an  item  is  considered  inoperable. 

(3)  Many  of  the  experimental  space  flights  have  been  successful  and  In  many 
of  these  there  has  been  good  use  made  of  polymeric  materials.  One  of 
the  more  useful  and  relatively  inexpensive  pieces  of  information  which 
would  be  of  extremely  great  value  would  be  an  accurate  and  complete 
compilation  of  the  elastomeric  and  plastic  materials  including  trade 
names  and  specific  compositions  which  have  proved  successful  in  these 
nr^ce  missions.  In  cases  where  these  data  are  of  a  proprietary  nature, 
su  '.icit.'  information  should  be  made  available  so  that  designers  of 

{  .ture  ve  icles  and  components- can  be  made  aware  of  the  availability  of 
•ces «■  n>a  'rials. 

(4)  Continued  work  is  needed  in  fundamental  studies  leading  to  new  and  im¬ 
proved  polymers  having  greater  resistance  to  radiation  damage. 
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INTRODUCTION 


This  report  is  the  first  addendum  to  REIC  Repcii  No.  21,  "The  Effect  of  '.■I"~lear 
Rad'ation  on  Elastomeric  and  Plastic  Components  and  Materials"  ~nd  summarizes  data 
published  during  the  period  April  3R,  1961,  and  .\pxil-30,  L964,.  on  radiation  effects  in 
polymeric  components  and  materials.  It  also  includes  effects  of  vacuum,  ultraviolet 
radiation,  and  extreme  temperatures,  where  these  data  are  available. 

There  has  been  a  noticeable  decrease  in  the  volume  of  publications  during  the  pe¬ 
riod  covered  in  this  report.  This  has  been  due  in  part  to  the  amount  of  information 
which  had  been  collected  previously  and  to  the  scope  of  this  earlier  information.  How¬ 
ever,  part  of  the  reason  for  *'  e  lack  of  new  information  is  due  to  a  cutback  in  the  rate 
of  effort  and  to  a  change  in  the  overall  objectives  and  pi.  losophy  of  both  Government  and  <j 

industry.  There  is  still  a  need  for  work  to  be  continued  on  determining  the  effects  of 
radiation  at  high  exposures,  the  effects  of  exposure  rate  on  components,  high-impulse 
effects,  and  the  mechanisms  of  degradation  of  various  elastomers  and  plastics.  In  this  , 

last  area,  the  amount  of  degradation  which  can  be  tolerated  in  various  <  omponent  pa~te 
before  failure  in  operation  needs  to  be  determined. 

Because  of  the  interest  in  space  vehicles,  the  greater  portion  of  the  present  work  t 

being  do..e  is  concerned  with  the  effects  of  combined  environments  such  as  vacuum  and 
radiation  and  elevated  and  cryogenic  temperatures  and  radiation.  Because  H  ■.e  inter¬ 
est  in  soace  environments,  data  on  the  effects  of  vacuum  and  temperature  arc  included 
in  tnis  jpo.  i  .vhich  do  not  refer  directly  to  radiation  stability.  However,  i.  is  believed  j 

that  t  ese  dat-f  will  help  to  impart  an  understanding  of  the  effects  of  radiation  in  space. 

A  fe-v  ne»  polymers  have  been  developed  which  are  of  interest  both  with  respect  to  to 

their  properties  and  to  their  possible  applications  in  a  space- radiation  environment. 

These  are  discussed  under  the  individual  polymeric  materials. 

Elastomers  and  plastics  for  which  no  new  information  was  found  are  not  included 
in  this  report  and  the  reader  is  referred  tc  REIC  Report  No.  21,  In  this  addendum  re¬ 
port,  components  are  discussed,  followed  by  the  elastomers  and  then  the  plastics,  ar¬ 
ranged  alphabetically. 

It  is  often  necessary  in  dealing  with  radiation  exposures  to  convert  from  one  unit 
of  radiation  exposure  to  another,  particularly  when  comparing  various  reports.  Tab1*  1  3 

lists  the  conversion  factors  which  have  been  used  by  the  REIC  •  j.  making  the  necessary  y 

conversions. 

To  permit  comparison  of  data  from  various  sources,  reported  in  a  variety  of 
units,  it  is  frequently  necessary  for  the  REIC  to  convert  to  the  units  recommended  in 
this  memorandum.  In  many  cases,  insufficient  information  is  presented  to  permit  an 
accurate  conversion.  Of  the  conversion  factors  listed  below,  those  marked  with  an 
asterisk  have  been  adopted  by  the  REIC  to  be  used  in  such  instances.  The  values  are 
approximately  correct  for  hydrocarbons,  assuming  an  average  energy  of  1  Mev  for  the 
radiations.  These  values  should  be  used  wi*h  caution  and  only  in  cases  where  informa¬ 
tion  is  not  available  on  materials  composition  and  energy  distribution  ol  the  radiation  to  0 

permit  an  accurate  conversion. 


TABLE  3.  CONVERSION  FACTORS 


To  Convert  To 


Multiply  Bi 


Rads 

Ev  g-1  (C> 

Roentgen 

Rep 

Rad  (tissue) 

Rad  (water) 

Mev  cm-2<a) 
Photons  cm"2(a) 
Photons  cm_2(a) 
Rep  hr“Ma) 

Rad  (C)  hr"  Ma) 
Rem  hr“Ma) 
(nvQ) 


ergs  g*l  100 

ergs  g"1  (C)  1.6  x  10'12 

ergs  g_1  (C)  87.  1 

erg»  g"MO  84.6 

ergs  g"  MC)  90.9 

ergs  g‘ J(C)  90.0 

ergs  g-  MC)  4.  5  x  10"® 

ergsg'MO  4.  5  x  10“® 

rep  5x10" 10 

n  cm-2  sec“Mb)  7.  1  x  10^ 

n  cm-2  sec"  Mb)  i,  n  x  io5 

n  cm”2  sec”  Mb)  8.  3  x  10^ 

rad(C)hr-l  4.  58  x  10~6 


n  cm_2(a»  b>  rads  (C)  4.  17  x  10’9 

n  cm-2<a»b)  ergs  g"1  (C)  4.  17  x  10"7 


(nv0)  rads  (C)  1.06  x  i0”9 

(nv0)  ergs  g- MO  1.  06x10-? 


(a)  Assumed  rrage  energy  of  1  Mev. 

(b)  The  term  n  cm’2  sec'1  may  appear  as  nv  and  the  term  r.  cm"2  may 
frequently  appear  as  nvt  although  the  terminology  Is  not  strictly  correct 
unless  the  "v"  value  is  specified. 


11 


COMPONENTS 


Adhesives 


-  -  -Adhesives  art  available  whiclTmaihtafh  shear 'strengths  to  a  gamma  exposure  of 

lo'O  to  10*1  ergs  g"*  (C)  at  room  temperature.  An  epoxy-phenolic  adhesive  retained 
excellent  shear  strength  after  irradiation  at  350  F  to  an  exposure  of  10“  ergs  g“l  (C). 

In  order  to  retain  useful  strengths  of  adhesives  as  long  as  possible,  it  was  recom¬ 
mended  that  adhesive  thicknesses  of  10  mils  or  better  be  used. 

In  general,  vacuum  is  not  harmful  to  adhesives,  but  there  are  exceptions.  Tensile 
shear  strengths  of  several  adhesives  either  remained  the  same  or  increased  when  sam¬ 
ples  were  exposed  to  a  temperature  of  200  C  in  a  vacuum.  Oxidation  appears  to  be  an 
important  factor  in  the  degradation  of  adhesives  at  hi&h  temperatures.  Vacuum  irra¬ 
diation  produced  no  detectable  changes  or  only  minor  changes  in  the  lap-*  hear  strengt'  * 
of  adhesives  tested  by  various  investigators. 

Information  is  available  on  the  effects  of  radiation  at  various  temperatures  in  air 
for  several  adhesives.  In  general,  these  maintained  their  shear  strength  to  a  ^mma 
exposure  of  1019  ergs  g“l  ( C >.  Studies  with  structural  adhesives  have  emphai’.  :J  their 
stability  in  space  environments,  and  several  are  commercially  available  that  are  ser- 
viceah’i .  >  -*  'he  vacuum  and  temperature  conditions  encountered  in  space,  however, 
care  mi.  ,t  be  exercised  in  choosing  adhesives  since  some  compositions  may  be  ad¬ 
verse!  affect*.-,  by  vacuum.  In  the  use  of  transparent  adhesives  for  bonding  transparent 
mater  lie,  such  s  polymethyl  methacrylate,  ultraviolet  radiation  is  a  factor  to  be 
considered. 


Effects  of  Nuclear  Radiation 


Hexcell  422-J  (epoxy-phenolic)  adhesive  was  tested  in  the  form  of  lap-shear  speci¬ 
mens  at  room  temperature  and  at  elevated  temperature  s^).  Shear -strength  te.its  were 
conducted  at  laboratory  temperature  (75  F)  for  samples  irradiated  at  ambient  tempera¬ 
tures  (110  to,130  F)  and  at  350  F  for  the  samples  irradiated  at  elevated  temperatures. 
Shear  strengths  of  the  samples  irradiated  at  ambient  temperature  to  gamma  exposures 
up  to  1.7  x  10“  ergs  g"*  (C)  were  not  greatly  different  fron.  Ihe  .h-ar  strength  of  the 
control  samples.  Samples  irradiated  at  250  F  and  310  F  to  6.  8  x  10^  ergs  g”*  (C)  and 
2.  2  x  10 “  ergs  g-1  (C),  respectively,  stored  for  7  d.  ys  at  350  F  and  then  tested  at 
350  F,  lost  approximately  15  per  cent  and  10  per  cent  of  their  shear  strength.  The  con¬ 
trol  (unirradiated)  samples  under  similar  test  conditions  lost  approximately  70  per  cent 
of  their  shear  strength.  Apparently  heat  alone  affected  the  lap-shear  strength  to  a  much 
greater  degree  than  the  combined  radiation-heat  environment.  At  temperatures  above 
310  F,  the  effects  of  heat  alone  and  heat  plus  radiation  [6  x  10 10  ergs  g"1  (C)J  were 
about  equivalent.  The  shear  strength  of  specimens,  both  control  and  irradiated,  ex¬ 
posed  to  450  F  decreased  from  2500  psi  to  about  800  psi.  Data  are  shown  in  Table  4. 


(1)  Refercntei  appeir  on  p»ge  117. 
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The  effect  of  bdmma  radiation  on  four  adhesives  was  studied  by  McCurdy  and 
Rambosek(2).  Included  were: 

EC- 1469 
AF-31 
AF -32 

_ ECd?.l639 

All  cf  these  adhesives  are  relatively  rigid  and  are  used  primarily  for  metal-to-metal 
bonding.  The  effects  of  radiation  on  overlap  shear  strengths  and  on  peel  strengths  in 
air  at  room  and  at  elevated  temperatures  were  determined.  Also,  the  effect  of  adhesive 
film  thickness  was  studied.  In  each  cane,  the  adhesive  seemed  to  benefit  slightly  from 
the  additional  crosslinking  resulting  from  low  ore  rs  of  irradiation.  However,  degra¬ 
dation  began  at  an  exposure  of  i;  to  6  x  10 '0  ergs  g"l  (C).  The  principal  effect  of  the 
high  exposure  [8  to  9  x  10 10  ergs  g"l  (C)]  was  embrittlement. 

Figure  5  shows  the  effect  of  radiation  on  the  bond  performance  over  a  wide  tem¬ 
perature  range.  In  most  cases  the  high-temperature  performance  fell  off  in  a  way  which 
paralleled  the  room-temperature  performance.  EC- 1469  maintained  itr  rrcP8rt»e8  to 
about  6  x  1010  ergs  g-1  (C),  while  EC- 1639  was  relatively  unaffected  at  an  exposure  of 

9  x  lO™  ergs  g-l(C).  The  elastomer-phenolic  films,  AF-31  and  AF-32,  were  affected 
by  radiation  to  a  greater  extent  than  were  the  other  adhesives.  These  rubber-modified 
films  maintained  their  performance  at  room  temperature  up  to  4  x  10l0  ergs  g~*  (C),  but 
at  elevated  temperatures,  both  fell  below  the  MIL-A  5090D,  Type  II  specificat  e  j  after 
about  10*0  ergs  g“l  (C). 

The  three  elastomer  phenolic  films  varied  somewhat  in  flexibility  and,  therefore, 
in  the  mount  c  peel  strength  at  room  temperature.  The  most  rigid,  AF-31,  showed 
the  be  t  reter.tiv.  of  peel  strength  when  subjected  to  radiation,  but  all  thr  ;e  adhesives 
deteriorated  to  aoout  the  same  over-all  value  ai>r  9  x  1010  ergs  g“l  (C).  It  was  thought 
that  some  gas  formed  at  the  interface. 

To  determine  the  effect  of  adhesive  thickness,  four  bonds  were  made  which  varied 
in  thickness  from  1.  2  mils  to  16.  1  mils..  Prel  strength  varied  from  10  to  30  pounds  per 
inch  width.  However,  under  irradiation,  all  the  adhesives  lost  strength  rarher  rapidly: 
and  at  very  high  doses,  there  was  little  significant  difference  in  peel  strengths  The 
absolute  peel  strengths  were  such,  however,  that  the  use  of  adhesive  thicknesses  of 

10  mils  or  greater  was  recommended  to  retain  a  useful  strength  as  long  as  possible.  . 
Loss  of  peel  strength  was  duo  to  embrittlement  and,  to  some  extent,  to  degradation  of 
the  adhesive. 

McCurdy  and  Rambosek  also  tested  three  composite  adhes'ves  for  use  m  bonding 
honeycomb  sandwich  structures  to  metal  surfaces.  The  composite  consisted  of  a  flexi¬ 
ble  adhesive  to  provide  good  peel  strength  at  the  metal  interface  and  a  rigid  adhesive  to 
provide  wetting  and  filleting  of  the  honeycomb  core  structure  One  of  the  adhesive  sys¬ 
tems  checked  consisted  of  an  EC- 1469  epoxy  coating  on  an  AF -102  nitr.  ’e-phenolic  film. 
The  other  two  composites,  AF-200/1593  and  AF-2C2/1593  were  not  iden.ified  as  to 
chemical  type.  The  investigators  found  that  radiation  had  an  extremely  detrimental  ef¬ 
fect  on  the  properties  of  the  rigid  adhesive.  Peel  strength  deteriorated  rapidly  with 
failure  in  the  fillet  area.  With  high  dosage,  fillets  spalled  bad'y,  leaving  a  relatively 
clean  core  surface.  It  was  concluded  that  these  composite  adh  >sive  films  woul'd  not  be 
suitable  for  high  radiation  areas  in  honeycomb  sandwich  st.uct  ires  where  high  peel 
strength  is  important.  Where  beam  structural  strength  is  a  irore  important  function, 
these  adhesives  will  perform  up  to  3  to  4  x  10 10  ergs  g"l  (C)  exposure  dose. 


A  modified  epoxy-based  adhesive 
An  elastomer-phenolic  film  adhesive 
An  elastomer-phenolic  film  adhesive 
A  modified  phenol- ii_ 


Overlap  Shear  Strength,  psi  Overtap  Shear  Strength.  psi 
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Figure  6  shows  the  difference  in  performance  of  the  same  three  adhesive  systems 
unde.'  bending  loads.  It  was  found  that  che  relatively  rigid  high-density  system 
EC- 1469/AF- 102  maintained  its  perfor.- -;ance  over  tne  whole  range  of  irradiation.  The 
tw  ■  composite  films,  AF-200/1593  and  AF-ZO?./  1593,  deteriorated  after  an  exposure  of 
3  t  4  x  10*0  ergs  g"'  (C),  hut  not  quite  so  fast  in  the  beam  structure  requirement  as 
they  did  in  the  peel  test.  Failure  again  was  in  adhesion  to  the  core. 

In  an  applications  test,  Litton  Systems  found  that  Epon  VI  did  not  prove  satisfac¬ 
tory  for  use  as  an  adhesive  for  bonding  a  metal  spring  when  the  bond  was  subjected  to  a 
radiation  exposure  of  1  x  10^  ergs  g-1  (C)  and  a  temperature  of  about  45  C(3).  The 
adhesive  appeared  to  lack  dimensional  stability,  a  movement  of  1  to  10  mils  being  suffi¬ 
cient  to  seriously  degrade  performance. 


Effects  of  Vacuum  and  Nuclear  Radia '.ion 

Podlaseck  and  Suhorskyt*)  and  Blackmon,  Clausa,  and  associates^)  reported  data 
on  the  volatilization  of  adhesives  in  a  vacuum  and  in  a  vacuum-radiation  environment. 

In  order  to  determine  the  extent  of  bond  weakening  of  epoxy,  epoxy -pheiuiic,  epoxy¬ 
polyamide,  and  silicone  adhesives,  long-term  exposures  up  to  1100  hours  at  93  to  121  C 
were  carried  out  in  vacuum.  The  samples  were  exposed  to  a  vacuum  of  10-6  torr  and  a 
temperature  of  200  F  for  C65  hours,  followed  by  an  exposure  to  250  F  and  10“^  torr  for 
312  hours.  With  the  exception  of  one  modified  phenolic,  supported  adhesive  fL  • 
Aerofcond  422,  the  adhesives  were  stable  it*  these  test  environments.  The  sa-,,'.ies  were 
then  exposed  to  3.4  x  10^  ergs  g-1  (C)  in  air,  followed  by  exposure  to  vacuun.  .t  tem¬ 
perature..  yl  j  F  and  300  F,  and  finally  to  a  cycling  (10  cycles)  over  a  tempo,  ature 
range  j  -B0  F  >c  200  F.  As  can  be  seen  in  Table  5,  there  was  an  increase  in  leakage 
rate  '  several  f  the  adheoives  after  exposure  to  radiation.  However,  additional  ex¬ 
posure  to  vucuur.  and  elevated  temperatures  decreased  these  leakage  rates.  It  is  be¬ 
lieved  by  blackmon  and  associates  that  the  gamma  radiation  induced  crosslinking,  de¬ 
polymer  Ization,  and  chain  scission  so  that  low-molecular-weight  fragments  (e.  g. , 
hydrogen,  carbon  monoxide,  carbon  dioxide,  and  methane)  were  liberated  and  produced 
porosity  in  the  glue  line.  Subsequent  exposure  to  vacuum  and  elevated  temperature  per¬ 
mitted  flow  in  the  polymers  and  realed  up  the  pores. 

Kerlin  and  Smith(°,  ?)  tested  structural  adhesives  for  shear  strength  und  ;r  com¬ 
bined  temperature,  radiation,  and  vacuum  environment.  Data  were  included  for  the 
following  adhesives: 


Adhesive 


Type 


Adhesive 


im. 


Shell  929 
Shell  934 
Epon  VIH 
Narmco  A 
FM- 1000 
Metlbond  406 
Metlbond  408 
Metlbond  302 


Epoxy 

Epoxy 

Epoxy 

Modified  epoxy 
Epoxy  polyamide 
Epoxy  polyamide 
Vinyl  epoxy  polyamide 
Epoxy  phenolic 


HT-42  i 
Epon  422  J 
Metlbond  402 1 
Scotchweld  AF-6 
FM-47 

APCO  1252  (formerly 
Hexcel  1252) 
Narmco  C 


Epoxy  pnenolic 
Epoxy  phenolic 
Nitrile  phenolic 
Nitrile  phenolic 
Vinyl  phenolic 
Polyurethane 

Polyurethane 


BaaMsas  -  mm:  * 


Bonding  Load  (T),in-lb/h. 
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Cl**. .  ELI  /ATED  TEMPERATURE,  AND  HIGH-ENERGY  RADIATION^4'  C> 


The  adhesives  were  irradiated  in  vacuum  to  various  gamma  exposure  doses  and  tested 
in  air  after  the  irradiation  in  vacuum  had  been  completed.  According  to  Kerlin,  the 
data  show  that  vacuum  irradiation  produced  no  detectable  change  in  the  lap-shear 
s  .'ength  of  FM-1000,  Metlbond  406,  and  Epon  422.  J.  Also,  only  minor  changes  were 
f..—.d  for  Shell  934,  HT-424.  and  APCO  1252.  Metlbonci  408  decreased  78  per  ce-*  in 
lap-,  hear  strength,  Epon  VIII  and  Shell  929  decrease'’,  by  12  per  c:  nt,  and  FM-47  de¬ 
creased  by  appjroximately-42-per..rent.  Metlbond  *021  decreased  by  25  pet  Gent- while 
Narmco  C  decreased  by  48  per'  cent  in  shear  strengths.  (In  air,  Narmco  C  lost  prac¬ 
tically  all  shear  strength  when  irradiated. )  Narmco  A  increased  by  16  per  cent  in  shear 
strength  when  irradiated  in  vacuum.  Data  are  given  in  Table  6. 

Two  adhesives,  FM-10C0  (epoxy  polyamide)  and  Metlbond  302  (epoxy  phenolic), 
were  tested  for  ultimate  shear  strengtn  in  vacuum  immediately  after  irradiation  (this 
was  described  as  a  dynamic  '  rit).  The  average  ultimate  shear  strength  of  the  test 
specimens  showed  a  significant  increasing  trend  from  the  control  tests,  through  the 
static  irradiation  (air)  tests,  to  the  dynamic  irradiation  tests  (Table  A-l  in  Appendix 
A).  This  is  attributed  to  a  greater  rate  of  crosslinking  of  the  polymer  relative  to  chain 
scission  by  oxygen  during  irradiation.  At  the  lower  partial  pressures  of  oxygen  in  fhe 
higher  vacuum,  the  rate  of  oxygen- induced  chain  ecission  is  decreased  _.:d  the  relat  r 
rate  of  radiation- induced  crosslinking  is  increased,  leading  to  increased  stiffness  and 
strength  of  the  polymers. 

Gray,  et  al.  irradiated  lap-shear  specimens  prepared  with  epoxy,  r  xv- 
phenolic,  vinyl-phenolic,  nitrile-phenolic,  and  glass-supported  epoxy-film  a  >ives. 
These  were  irradiated  in  air  and  in  vacuum  (10-6  torr)  to  a  gamma  exposurt  i  10*?  ergs 
g-  1  (C)  .  a  ?  .iperature  of  100  F  maximum.  The  specimens  were  then  teste  ■  for  shear 
stren  .h  at  a  amperature  of  -300  F.  in  all  cases,  loss  in  shear  strength  was  small  and 
the  •>:  igiv.nl  ength  of  the  adhesive  bond  specimens  could  be  considered  for  the  design 
of  parts  to  be  v  bjected  to  the  above  conditions. 

DeWitt,  Podlaseck,  and  Suhorsky(9)  reported  on  adhesives  FM-47,  a  polyvinyl 
butyral-phenolic  adhesive,  and  HT-42.4,  an  epoxy-phenolic  exposed  to  vacnam  and  ele¬ 
vated  temperature.  FM-47,  alter  exposure  for  3-1/2  hours  at  250  F  in  a  vacuum  of 
4.  2  x  10-“*  torr,  decreased  in  peel  strength  by  13  per  cent  and  in  shear  strength  by 
7.  1  per  cent.  HT-424,  after  exposure  to  450  F  for  4  hours  in  a  vacuum  having  an  ulti¬ 
mate  pressure  of  5.  9  x  10-4  torr,  showed  a  14.  0  per  ce.it  decrease  in  peel  strength  ar.d 
0.  6  per  cent  in  shear  strength.  There  was  no  change  in  color  of  the  temperaiure- 
vacuum  exposed  samples.  Both  of  these  adhesives  were  evaluated  as  supported  films, 
the  adhesive  being  coated  on  an  open-weave  glass  fabric. 

Levine^O)  noted  that  oxidation  is  an  important  factor  in  the  degradation  of  adhe¬ 
sives  at  high  temperatures,  and  he  studied  adhesive  performance  in  nitrogen.  He  found 
that,  in  this  environment,  serious  degradation  did  no:  begin  with  epoxy-phenolic  or  phe¬ 
nolic  adhesives  even  after  an  exposure  to  600  F  for  almost  190  hours..  Data  are  shown 
in  Figure  7. 

Kerlin^  reported  work  done  at  the  George  C.  Marshall  Space  Flight  Center  on 
the  effect  of  a  temperature  of  200  C  in  air  and  in  vacuum  on  several  adhesives.  These 
included: 
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Adhesive 


Epon  VIII 
Metlbond  406-1 
FM- 1000 
Epon  422  J 


_ Type 

Epoxy 

Epoxy  polyamide 
Epoxy  polyamide 
Epoxy  phenolic 


Adhesive 


FM-47 

Metlbond  ^02A 
AF-6 

Metlbond  408 


Type 

Vinyl  phenolic 
Epoxy  phenolic 
Nitrile  pheno'ic 
Modified  vinyl 
..epoxy  nylon 


Tensile  shear  strength  of  these  adhesives  either  remained  the  same  or  increased  when 
samples  were  exposed  to  a  temperature  of  200  C  in  a  vacuum.  In  most  cases,  exposure 
in  air  to  200  C  for  the  same  period  of  time,  24  hours,  caused  a  decrease  in  tensile 
shear  strength.  The  exceptions  to  this  were  FM-1000,  AF-6,  and  Metlbond  408.  With 
FM-1000,  shear  strength  increased  both  in  air  and  in  vacuum  at  the  higher  temperature, 
although  the  increase  was  greater  in  vacuum  than  in  air.  Data  on  the  AF-6  and  Metlbond 
408  were  incomplete,  so  no  conclusions  could  be  drawn.  However,  it  was  evident  that 
these  adhesives  would  withstand  elevated  temperatures  better  in  a  vacuum  than  in  air. 
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Effects  of  Nuclear  Radiation  and 
Cryogenic  Temperatures 

Five  classes  of  adhesives  were  selected  for  evaluation  at  cryogenic  temperatures 
on  the  basis  of  promising  high  lap-shear  strengths  at  -65  F  and  75  F.O*)  These  were 
not  subjected  to  radiation.  Lap-shear  specimens  we»e  tested  at  -423  F,  -3.".?'  .  -100F, 

and  75  F,  utilizing  epoxy-nylon  adhesives  (Metlbond  406,  AF-40,  and  FM-1"’  )), 
nitrile-  ...»  i.  o  ~  adhesives  (Metlbond  4041  and  AF-32),  epoxy-polyamide  adl  ives 
(Res'  .eld  No  4  and  Narmco  3135),  an  epoxy-phenolic  adhesive  (Metlbond  302-A),  and  a 
polv  , r ethane  dhesive  (APCO  1219).  Selection  of  adherends  for  testing  was  based  on  the 
anticipated  use  of  these  materials  in  future  missiles  and  spacecraft,  the  prevalent  use 
of  some  of  these  materials  in  the  Atlas  and  Centaur,  and  the  promising  cryogenic  prop¬ 
erties  of  the  base  materials.  The  adherends  utilized  were  0.  020-irch  EFH  301  CRES 
(stainless  steel),  0,064-inch  2024-T3  bare  aluminum,  0.020-inch  A-110-AT  titanium, 

0.  125-inch  Conolon  506  (phenolic-glass  fiber  laminate)  and  0.  125-inch  Conolon  527 
(polyester-glass  fiber  laminate).  Butt-tei  sile  tests  were  conducted  with  3/4-inch-round 
stock  Type  371  stainless  steel  and  AF-40  epoxy-nylon  adhesive. 

The  epoxy-nylon  adhesives  resulted  in  the  higher  lap-shear  strengths  /ith  all  ad¬ 
herends  over  the  entire  temperature  range  of  -423  F  to  78  F.  Values  obtained  at 
-423  F  are  more  than  100  per  cent  higher  than  any  previously  reported  values  for  simi¬ 
lar  tests.  The  nitrile-phenolic  adhesive  gave  excellent  rc-ul.'  ever  the  temperatur  .. 
range  of  -320  F  to  78  F  but  strength  values  dropped  off  sharply  at  -432  F.  The  epoxy- 
phenolic  adhesives  gave  uniform  results  over  the  complete  temperature  range.  These 
results  were  significantly  lower  than  the  epoxv-nyion  and  nitrile-phenolic  adhesives  at 
-320  F,  100  F,  and  78  F.  At  -423  F  the  epoxy-pher.olic  is  superior  to  the  nitrile- 
phenolicj.  Room-temperature-cured  adhesives  are  generally  inferior  to  those  that  are 
heat  cured.  Of  the  three  room-temperature-cured  adhesives  tested,  the  polyurethane 
gave  higher  lap-shear  strengths  than  the  epoxy-polyamides  with  an  aluminum  adherend 
and  approximately  the  same  strengths  with  stainless  steel  adherends.  All  the  adhesives 
tested  had  their  highest  lap-shear  strengths  at  -100  F. 

Gray,  et  ai.  ,  (®)  irradiated  in  vacuum  at  ambient  temperature  specimens  prepared 
with  epoxy,  epoxy-phenolic,  vinyl-phenolic,  nitrile-phenolic,  and  glass- supported 
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epoxy-film  adhesives  and  tcs.cd  them  at  -300  F  for  ultimate  shear  strength.  Results 
are  shown  in  Appendix  A,  Figure  A-l.  The  test  results  indicated  that  the  cryogenic 
temperature-vacuum  environment  .iad  r.o  effect  on  l.ip-sh  ir  strength.  Gray  noted  that 
.-lecimens  prepared  with  epoxy- phenolic,  glass-supported  epexy  film,  and  vinyl-pheno¬ 
lic  appeared  to  be  only  slightly  affected  bv  vacuum.  Tve  effect  was  small  enough  that 
tne  original  strength  ot  the  adhesive-bonded  sge-rmers  could  be  considered  in  the  des'gn 
of  oarts  for  the  above  conditions.  Epoxy  and  nit -’.le-phenolic-adhesive-bonded  speci¬ 
mens  showed  no  indication  of  deterioration. 

Yasui(^»  *3)  irradiated  one  polyurethane-adhesive- bonded  and  three  epoxy- 
adhssive-borded  test  specimens  immersed  in  liquid  nitrogen.  They  were  then  tested  at 
liquid-nitrogen  temperatures.  Yasui  found  no  effects  of  irradiation  on  single  lap- shear 
or  flatwise  ultimate  strengths  for  these  materials.  Data  are  shown  in  Figures  A-2  and 
A-3.  Narmco  3135,  3M  1469/1968,  and  Lefkoweid  109  are  epoxy  adhesives  while  APCO 
1219  is  a  film-forming  polyurethane  polymer. 


Coatings 

When  nuclear  reactors  are  used  in  spacecraft,  gamma  radiation  may  be  present 
in  large  quantities  and  may  become  an  important  design  consideration.  However,  for 
exposure  to  the  normal  elements  of  the  space  environment,  nuclear  radia*ion  does  not 
appear  to  be  so  severe  a  oroblem  as  ultraviolet  flux 

Several  coalings  have  shown  negligible  change  in  a/f.  ratios  as  a  resul  exposure 
to  !C  ■  g'  *  ( r )  of  cobalt-60  gamma  radiation.. 

Zinc.  «n.  fide  in  a  silcone  resin  vehicle  has  afforded  a  very  good  combination  of 
infi  re  1  emi'  ion  and  long  service  life,  in  spite  of  the  fact  that  considerable  discolora¬ 
tion  developed  under  ultraviolet  irradiation.  Zinc  sulfide  in  an  acrylic,  coating  matrix 
also  has  shown  good  oromise. 

Organic  coatings  were  originally  used  solely  for  corrosion  protection  and  decora¬ 
tion.  Today,  coatings  used  for  temperature-control  materials,  have  to  survive  and 
function  reliably  on,  and  within,  spar  craft  in  a  totally  new  environment.  When  using 
coatings  in  thin  films,  the  optical  and  physical  changes  resulting  from  long  exposure  io 
high  vacuum,  intense  ultraviolet  radiation,  and  variable  temperatures  have  ‘o  be 
considered. 

Coatings  having  selective  properties  can  be  used  to  ccrpro1  radicMWWal Transf  jr 
by  control  of  three  basic  optical  properties:  (1)  reflectance,  (2)  absorptance,  and 
(3)  emittance.  (^)  jn  most  practical  systems,  a  brlance  between  these  three  conditions 
will  be  used  to  obtain  the  desired  temperatures  as  illustrated  in  Table  7. 

Present-day  coatings  for  spacecraft  are  designed  to  rely  upon  passive  radiation 
techniques  in  which  the  desired  average  critical  temperature  is  achieved  by  properly 
balancing  the  absorptivity  of  the  surfaces  for  solar  radiation  (a)  with  their  emissivity 
for  infrared  radiation  (e). 

Organic  coatings  are  virtually  all  very  absorptive  in  the  infrarad  and  hence  have 
high  emittance  Such  a  surface  is  the  mna  stable  and  etficient  to  use  for  long  heating 
periods.  The  short-wavelength  absorption  can  be  readil",  varied  by  pigmentation  with 
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TABLE  7.  VEHICLE  TEMPERATURE  CONTROL^14* 


Solar 

"  —  '  — - - 

Temperature,  F 

"Coating 

Reflection 

"Absorption  - 

FT'  litfance 

Sphere 

-Striped  Sphere' 

W  h.te 

0.82 

0.  18 

0.95 

-135 

-20 

White  plus 

0.47 

0.  53 

0.95 

-50 

32 

carbon  black 

Flat  black 

0.03 

0.97 

0.95 

45 

85 

Flat  black 

0.05 

0.95 

0.80 

65 

120 

plus  aluminum 


TA  .LE  8.  ORGANIC  MATERIAL  RADIATIVE  PROPER  TIES* 


Organic  Material 

a 

£ 

a/e  Ratio 

White  (30%  PV  zinc  sulfide)  silicone 

0.31 

0.77 

0.40 

Gray  silicone 

0.  53 

0.95 

n  95 

Leafing  aluminum  in  silicone 

0.32 

0.  33 

0.98 

White  lead  carbonate  (30%  PV)  silicone 

0.46 

0.46 

1.  0 

Dull  black  (vinyi  phenolic) 

0.  93 

»  „  X 

1.  1 

L 
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organic  and  inorganic  materials.  The  organic  coatings  will  have  a/e  ratios  of  1  or  less 
and  car  be  used  to  give  cool  or  cold  surfaces  in  space  (Table  8).  It  is  obvious  that  the 
reflectance  and  absorptance  of  the  pigmented  coating  varies  with  the  pigment.  A  leafing 
aluminum  pigment  is  the  most  efficient  reflector. /if  ultraviolet  energy.'  Several  white 
pigments  are  superior  to  leafing  aluminum  in  the  visible  and  near-infrared  spectral 
regions,  but  are  inferior  to  it  as  a  reflector  of  ultraviolet  energy.  Of  the  nonleafir.g 
pigments,  basic  white  lead  carbonate  is  superior  to  all  others  in  eflecting  ultraviolet 
-Sn#r-gyi  The  white  lead  pigmented  coatings  lose  much  of  their  efficiency  as  ultraviolet 
reflectors  when  exposed  to  the  simulated  space  environment.  In  other  regions  of  the 
spectrum,  zinc  sulfide  is  an  excellent  reflector  of  visible  and  near  infrared  energy. 
Other  paint  fc  mulations  use  rutile,  carbon  black,  red  iron  oxide,  and  chrome  oxide 
green  in  various  amounts  as  pigments,  depending  on  the  a/e  ratio  desired. 

The  ultraviolet  spectrum  of  the  sun  ranges  from  about  100  A  to  4000  A.  Virtually 
all  the  energy  below  3000  A  -  -d  most  of  the  energy  between  3000  and  4000  A  is  filtered 
out  by  the  earth's  atmosphere.  As  a  result,  coatings  may  absorb  10  to  100  times  as 
much  ultraviolet  light  above  the  atmosphere  as  on  the  surface  of  the  ground  on  a  clear 
day.  Thus,  ultraviolet  light  is  definitely  a  serious  radiation  problem. 

Intense  radiation  is  the  second  major  element  of  the  space  environment  and  c;.  be 
divided  into  two  broad  classes;  electromagnetic  and  particulate.  The  electromagnetic 
component  of  cosmic  radiation  has  low  intensity  and  io  rather  inconsequential  as  far  as 
coatings  are  concerned.  When  nuclear  reactors  are  used  in  spacecraft,  gamma  radia¬ 
tion  of  high  energy  may  be  present  in  large  quantity  and  can  become  an  import  >nt 
consideration. 

7  -v  i  n  ingement  of  ionizing  radiation  in  high  doses  on  organic  thin  films  will  also 
resul*  m  physical,  chemical,  and  optical  changes.  However,  for  exposure  to  all  ele- 
meri'  .i  of  the  space  environment,  nuclear  radiation  is  not  so  severe  a  problem  area  when 
compared  to  uii  raviolet  flux. 
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Effects  of  Nuclear  Radiation 


General  Dynamic sO 5)  and  Lockheed  Missiles  and  Space  CompanyU^)  are  currently  nt] 

engaged  in  determining  the  effects  of  nuclear  radiation  on  the  optical  character  is  ze  -f  0f 

thermal  coatings.  This  work  is  presently  in  progress  and  only  limited  data  ;  re  avail-  [. 

able.  Preliminary  results  indicate  that  negligible  change  in  the  a/e  was  experienced  by  by 

the  materials  listed  below  as  a  result  of  exposure  to  10'  ergs  g~l  (C)  of  cobalt-60 
gamma  radiation. 

Kemacryl  White  Lacquer  No.  M49WC17  (Sherwin-Williams) 

Kemacryl  Black  Lacquer  No.  M49BC12  (Sherwin-Williams) 

Leafing  aluminum  pigment  in  Kemacryl  acrylic  vshicle  (Sherwin-Williams) 

Nonleafing  aluminum  pigment  in  Kemacryl  acrylic  vehicle  (Sherwin-Williams) 

Fuller  517-W-l  Gloss  White  Silicone  (W.  P.  Fuller  Co.) 

Fuller  517-B-2  Flat  Black  Silicone  (W.  P.  Fuller  Co.) 
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Fuller  172-A-l  Aluminum  Silicone  (W.  P  F.J'cr  Co.) 

Fuller  171-A-152  Aluminum  Silicone  (W,  P.  Fuller  Co.) 

Dull  Black  Micobond  L6X962  {Midland  Industrial  Finishes  Co.  ) 

LMSC  White  Silicate  Paint  on  A1  1100  alum  num  alloy 

The  irradiations  are  to  continue  to  10^  ergs  g-*  (C)  gamma  radiation  and  to  other  types  -pcs 

of  penetrating  radiation. 

Effects  of  Ultraviolet  Radiation 


Fulk  and  Hcrr^^)  dete.i. lined  the  weight  loss  in  vacuum  of  a  number  of  polymeric  ric 

materials  used  in  spacecraft.  Compositions  of  the  materials  are  listed  in  Table  9 
while  a  typical  weight  loss-versus-time  curve  is  shown  in  Figure  8.  Fulk  points  out  that  that 

the  "total  weight  loss  until  stationary  state"  and  the  "time  to  reach  stationary  state"  are  are 

important  characteristics  of  each  material.  These  values  should  be  taken  into  account  nt 


when  selecting  materials  for  vacuum  and/or  spacecraft  use.  Figure  9  »nows  typica: 
curves  for  a  number  of  good  points. 

Carroll!  1®)  reported  on  the  evaluation  of  materials  used  on  early  Mariner  space-  e- 

craft.  The  results  of  screening  tests  on  paints  and  nonpaint  "whites"  are  lis'f-  in 
Appendix  A,  Tables  A-2,  A-3,  and  A-4,  and  Figure  A-4.  The  values  of  init  i.  indi¬ 
cated  Table  A-4  and  Figure  A-4  are  nominal  values  for  the  materials.  T  >•  alumi¬ 
nized  P  ...P  1.  toi  showed  the  least  degradation  of  the  materials  tested  and  is  ;  'C  lcgica1  cal 

choir  for  the  top  of  the  heat  shield.  For  rigid  paintable  surfaces,  either  ZW60  or 
ZW"  z.'i'c  su’  !de  paints  {Table  A-4)  are  recommended. 


Effects  of  Ultraviolet  Radiation  and  Vacuum 


Wahl,  et  al.,09)  and  co-workers  studied  the  effects  of  various  combinations  cf 
ultraviolet  radiations  (2500  to  7000  A),  mouorate  temperature  (290  F),  vacuum  pres¬ 
sure  (9.  0  ±  7.  0  x  10-6  torr),  and  atmospheric  pressure  (7  50  ±  20  torr)  on  a  commer  .lul  ;ial 

white  polyurethane  enamel  manufactured  by  Lowe  Brothers  Paint  Company.  This 
enamel  consisted  of  two  parts,  No.  LH-2392  enamel  and  No.  LH-2393  hardener,  which  oh 

were  mixed  in  equal  volumes  just  prior  to  use.  The  coating  lost  weight  and  changed 
color  from  white  to  light  brown.  Total  spectral  reflectance  measurements  indicated 
that  the  absorptivity  increased  as  the  ultraviolet  radiation  intensity  and  exposure  time  e 

increased.  It  was  predicted  that  the  long-time,  close  temperature  contrc.  of  a  space 
vehicle  would  not  be  successful  using  this  polyurethane  coating. 

Clause,  et  al.  ,!20)  and  Gaumer,  et  al.  ,(21)  at  Lockheed  investigated  the  effect  of  of 

ultraviolet  radiation  and  vacuum  on  temperature-control  surfaces.  For  electronic 
equipment  aboard  spacecraft  to  function  properly,  their  temperatures  must  be  main¬ 
tained  within  a  range  of  approximately  0  to  60  C.  At  the  present  time,  wnite  paints  are  re 

largely  used  as  solar  reflectors,  but  their  a/e  ratio  is  about  0.27  and  is  lot  low  enough  ?h 

for  many  practical  applications,  such  as  attaining  low  temperature  for  i.frared  sensors  ,rs 

to  operate  efficiently.  Solar  reflectors  with  an  a/e  ratio  not  greater  tha  \  0.  1  are 
needed.  Table  A-5  shows  the  a/e  ratios  of  a  group  of  representative  m.  terials 
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Fuller  172-A-l  Aluminum  Silicone  (W.  P  Fuller  Co,) 

Fuller  171-A-152  Aluminum  Silicone  (W,  P.  Fuller  Co.) 

Dull  Black  Micobond  L'l>X962  (Midland  Industrial  Finisher  Co. ) 

■LMSGWhrte”  Silicate  Paint  on  A1  1100  alurr:.'.um  alloy. 

The  irradiations  are  tc  continue  to  10  H  ergs  g“l  (C)  gamma  radiation  ar.d  to  other  types 
of  penetrating  radiation. 
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Effects  of  Ultraviolet  Radiation 

Fulk  and  HorrO?)  determined  the  weight  loss  in  vacuum  of  a  number  of  polymeric 
materials  used  in  spacecraft.  Compositions  of  the  materials  are  listed  in  Table  9 
while  a  typical  weight  loss-versus-time  curve  is  shown  in  Figure  8.  Fulk  points  out  that 
the  "total  weight  loss  until  stationary  state"  and  the  "time  to  reach  stationary  stace"  arc 
important  characteristics  of  each  material.  These  values  should  be  t»l  *»i>  into  accent 
when  selecting  materials  for  vacuum  and/or  spacecraft  use.  Figure  9  shows  typical 
curves  for  a  number  of  good  points, 

Carroll(  18)  reported  on  the  evaluation  of  materials  used  on  early  Marir-r  space¬ 
craft,  The  results  of  screening  tests  on  paints  and  nonpaint  "whites"  are  lii »  in 
Appendix  A,  Tables  A-2,  A-3,  and  A-4,  and  Figure  A-4,  The  values  of  ini' i  d  a  indi¬ 
cated  i  A-4  and  Figure  A-4  are  nominal  values  for  the  materials.  7 alumi¬ 

nized  FEP  Tc'lon  showed  the  least  degradation  of  the  materials  tested  and  is  the  logical 
choh  e  >or  the  top  of  the  beat  shield.  For  rigid  paintable  surfaces,  either  ZW60  or 
ZW4u  zinc  suln  le  paints  (Table  A-4)  are  r  .commended. 
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Effects  of  Ultraviolet  Radiation  and  Vacuum 

Wahl,  ot  al.,(19)  and  co-workers  studied  the  effects  of  various  combinations  of 
ultraviolet  radiations  (2500  to  7000  A),  moderate  temperature  (290  F),  vacuum  pres¬ 
sure  (9.0  ±  7.0  x  10~8  torr),  and  atmospheric  pressure  (7  50  ±  20  torr)  on  a  i  ommercial 
white  polyurethane  enamel  manufactured  by  Lowe  Brothers  Paint  Company,  This 
enamel  consisted  of  two  parts,  No.  LH-2392  enamel  and  No.  LH-2393  hardener,  which 
were  mixed  in  equal  volumes  just  prio’-  to  use.  The  coating  lost  weight  and  changed 
color  from  white  to  light  brown.  Total  spectral  reflectance  mc_..urements  indicateu 
that  the  absorptivity  increased  as  the  ultraviolet  radiation  intensity  and  exposure  time 
increased.  It  was  predicted  that  the  long-time,  close  temperature  control  of  a  space 
vehicle  would  not  be  successful  using  this  polyurethane  coating. 

Clause,  et  al,  ,  (^®)  and  Gaumer,  et  al.  ,(21)  at  Lockheed  investigated  the  effect  of 
ultraviolet  radiation  and  vacuum  on  temperature-control  surfaces.  For  electronic 
equipment  aboard  spacecraft  to  function  properly,  their  temperatures  must  be  main¬ 
tained  within  a  range  of  approximately  0  to  80  C.  At  the  present  time,  white  paints  are 
largely  used  as  solar  reflectors,  but  their  nk  ratio  is  about  0.27  and  is  not  low  enough 
for  many  practical  applications,  such  as  attaining  low  temperature  for  infrared  sensors 
to  operate  efficiently.  Solar  reflectors  with  an  a/e  ratic  rot  greater  than  0.  1  are 
needed.  Table  A-5  shows  the  a/e  ratios  of  a  group  of  representative  materials 
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evaluated.  The  types  of  surfaces  exposed  as  well  as  the  results  of  exposure  tests  are 
summarized  in  Table  A-6.  The  designation  of  the  commercial  coatings  are  lifted  ir. 
Table  A-T.  the  compositions  of  the  laboratory-prepared  paints  are  listed  in  "'able  A-8. 
Tne  acrylic-base  paints  were  more  resistant  to  visible  yellowing  than  either  the  epoxy 
o  silicone-base  paints.  For  many  of  the  organic -base  paints,  there  was  an  increase  of 
approximately  50  per  cent  in  solar  absrrpcivity  (a),  wiu'e  the  infrared  emissivily  fel 
rerci.-inec  constant.  This  50  per  cent  increase  in  the  ■-/£  ratio  of  C  surface  at  room  tem¬ 
perature  would  result  in'  ari  ihc'rease ‘51  5T  F"iff¥(  .riptfr  ltuFCV  ” 

Alexander,  et  al.,(22)  studied  the  effect  of  very-short-wavelongth  radiation 
{1150  to  2000  A)  on  polymeric  films.  The  percentage  weight  losses  of  various  coating 
materials  are  shown  in  Figure  10. 

Miller  and  co-workers^-*)  at  Armour  Research  Foundation  tested  the  stability  of 
white  coatings  in  simulated  bt«.cc  environment  (approximately  10'°  torr  va  -uum,  tem¬ 
perature  varying  from  150  to  275  F).  The  results  indicated  that  all  synthetic  oxide  pig¬ 
ments,  except  zinc  oxide,  darken  appreciably  in  100  equivalent  solar  hours;  natural 
mineral  pigments  proved  more  stable.  Among  the  organic  binders,  a  silicone-type 
material  appeared  the  most  promising.  Typical  results  are  shown  in  Table  A-9. 

The  weight  loss  through  volatilization  of  pigmented  coatings  after  exposure  to  a 
simulated  space  atmosphere  for  100  hours  (ultraviolet  radiation  in  vacuum  of  1  x  10"* 
torr)  was  determined  by  Cowling,  (24)  The  results  are  shown  in  Table  A- 10. 

Effe'  ♦  ~  of  Ujt'aviolet  Absorbers 

Horror;:  -i^3'  exposed  tailored  coatings,  some  of  which  contained  ultraviolet  ab- 

sor  a  M.cl.  -s: 

(1)  2,  2'-4,4'  tetrahydroxybenzophenone  (D50) 

(2)  Dibenzoylresorcinol  (DBR) 

(3)  2-hydroxybenzoylferrocene  (HBx-) 

(4)  2-hydroxy-4-methoxy-2'-trifluoro. "ethyl  benzopbenone  (DR1) 

to  ultraviolet  and  vacuum.  He  found  that  a  flat  white  titanium  dioxide-pigmented 
silicone-alkyd  coating  showed  good  vacuum-thermal  and  ult.-aviolet-radiation  stability. 

A  wide  range  of  a/e  values  (0.  20-0  85)  based  on  this  coating  available  for  various 
temperature-control  conditions.  Dispersion  of  an  ultraviolet  absorber  in  a  clear  film 
over  the  basic  coating  exhibited  a  protective  action  in  reducing  the  weight  loss  through 
500  F  and  in  reducing  'so  at  300,  400,  and  500  F. 

The  black-leafing-aluminum  system  would  provide  high  a /c  values  (0.90  to  1.40) 
due  to  decreased  emittance  values  with  increased  leafing-aluminum  content.  Hormann 
also  indicated  that  above  400  F,  polyurethane  systems  are  inadequate  in  a  vacuum- 
therm  A  environment. 
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t'i<»ld,  Cowling,  and  Noonan(26)  found  zinc  sulfide  (Cryptone  800  produced  by  the 
New  Jersey  Zinc  Company)  in  a  silicone  vehicle  afforded  a  very  good  combination  of 
infrared  emission  and  long  service  life,  in  spite  of  the  fact  that  considerable  discolora- 
ti  n  developed  under  ultraviolet  irradiation.  Zinc  sulfide  in  an  acrylic  coating  matrix 
(Arryloid  A- 10,  Rohm  &  Haas)  also  showed  good  prom1  e.  In  at  least  one  instance,  the 
arryhc  formulation  proved  superior  to  all  Cne  .-.llicone  formulations. 


Electrical  Insulation 


Insulation  materials  sue  a  as  glass-diallyl  phthalate,  Formvar  wire  coating, 
Silicone  DC  997  varnish,  polystyrene  coil  dope,  and  polyolefin  wire  insulation  have  been 
satisfactory  in  room-temperet  ire  tests  to  an  exposure  of  10^  ergs  g“l  (C). 

A  number  of  phenolic  circuit  boards  tested  have  shown  no  deterioration  at  10^0 
ergs  g_1  (C). 

In  gener.vl,  the  effects  on  electrical  properties  of  irradiation  of  electrical  insula¬ 
tion  in  air  and  in  vacuum  are  similar. 

Polyimide  film  (Du  Pont  H-Film)  shows  excellent  temperature  and  radiation  sta¬ 
bility  in  air  and  in  vacuum  to  at  least  10^0  ergs  g“l  (C). 

In  general,  permanent  changes  in  electrical  properties  of  polymeric  nr  •  trials 
with  ir  ....  i  are  minor  and  the  life  of  the  insulation  depends  upon  its  res.'  ranee  to 
mech  lical  d.  nujjo.  However,  transient  effects  due  to  exposure  in  a  radiation  flux  may 
caus  uifficui.  .  The  discussion  in  this  section  is  limited  to  the  physical  properties  of 
sonrn.  of  th'  nu  .  e  recent  insulating  materials  which  have  been  investigated.  A  more 
comprehensive  discussion  of  electrical  effects  vill  be  found  in  REIC  Report  No.  36, 

"The  Effect  of  Nuclear  Radiation  on  Electronic  Components  Including  Semiconductor 
Devices",  which  is  being  published  concurrently  with  this  report. 

Data  have  been  obtained  on  Tedlar  (polyvinyl  fluoride),  ‘fynar  (polyvinylidine 
fluorid;),  and  H-film  (polyimide),  some  of  the  newer  films  which  have  appeared  on  the 
market.  Also,  limited  data  on  effects  of  vacuum  and  radiation,  and  extreme  tempera¬ 
tures  and  radiation  have  been  collected. 


Effects  of  Nuclear  Radiation 

Kaufman  and  Gardner(27)  determined  the  per 'armance  characteristics  of  resis¬ 
tors,  capacitors,  and  insulating  materials  used  for  printed-circuit  boards  or  electrical 
connectors  in  a  nuclear  environment.  At  an  exposure  of  1  x  10^  ergs  g~l  { C )  [  1 . 67  x 
n /  :m^  (En>2.  9  Mev)],  glass-diallyl  phthalate  was  the  most  suitable  material 
tested  as  an  insulating  material  for  connectors.  Melamine,  silicone  rubber,  and  pheno¬ 
lic  were  rated  second  best  because  of  some  degradation  in  their  mechanical  properties. 


Several  laminates  were  tested  for  use  as  circuit-board  insulation.  Silicone-resin- 
impregnated  Fiberglas  was  satisfactory  as  an  insulation  at  an  exposure  of  approximately 
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10H  erg-  g-1  (C),  but  the  copper  circuit  could  not  be  adequately  bonded  to  this  mate¬ 
rial.  Only  slight  discoloration  of  the  circuit  board  occurred  owing  to  irradiation.  A 
phenolic  circuit  board,  181  Volan  A  glass  fiber  impregnated  with  CTL-91D  was  exposed 
to  10*8  ergs  g-*  (C)  [2.5  x  10*^  n/cm^(En>2.  9  Mev)].  No  evidence  could  be  found  of 
any  discoloration,  warping,  or  blistering,  and  the  coppr  •  circuit  remained  firmly 
bonded  i.o  the  board. 

Koehler  and  Pefnay(88)  reported  polyethylene,  Zytel  Nylon  33,  and  polyvinyl 
chloride  as  satisfactory  insulation  materials  to  an  exposure  of  10* 8  ergs  g-*  (Cl  in  air 
when  dry.  Litton  Systems,  Inc.  ,  (3)  in  work  to  secure  data  on  the  performance  of  sub¬ 
system  components  and  hardware,  exposed  an  LPR-10  drum  to  the  neutron  and  gamma 
flux  of  General  Dynamics  Ground  Test  Reactor  (GTR).  Exposure  was  to  an  integrated 
neutron  and  gamma  exposure  of  1.  3  x  10*8  nvjt  and  1  x  10**  ergs  g“*  (C)  at  a  tempera¬ 
ture  of  30  C  to  60  C.  The  specimens  were  at  45  C  during  the  greater  portion  of  the 
time.  Polymeric  materials  which  were  found  satisfactory  included  silicone  glass 
insulation,  Formvar  magnet-wire  coating,  Silicone  DC  997  varnish,  Raychem  polyolefin 
lead-wire  insulation,  polystyrene  coil  dope,  and  mineral  filled  diallyl  phthalate  (for  the 
terminal  block). 


Effects  of  Elevated  Temperature 
and  Radiation 


Campbell(-9)  studied  the  effect  of  combined  heat  and  radiation  on  sever  >agnet- 
wire-insulation  materials,  including  polyvinyl  formal,  polyester,  silicone,  ?r  !  fluoro¬ 
carbon  ■  mi,..'  and  varnishes.  He  found  that  the  normal  service  life  of  son-;  materials 
was  ir  .reased  by  as  much  as  800  per  cent  in  a  combined  radiation  and  thermal  environ¬ 
ment.  He  attr  butes  this  to  a  balancing  of  the  chain-scission  and  crosslinking  mecha- 
nismo.  Tables  ’0  and  11  show  a  comparison  of  the  service  life  of  several  insulation 
coatings  in  a  thtrmal  environment  and  that  in  a  radiation-thermal  environment.  Radia¬ 
tion  exposures  varied  from  1. 8  x  108  trgs  g"*  (C)  hr-1  (2  x  104  roentgens  hr-*)  to 
1.6  x  108  ergs  g-1  (C)  hr-1  (1.77  x  I0*>  roentgens  hr-*). 

The  normal  service  life  at  160  C  of  polyvinyl  formal  was  extended  by  870  per  cent 
when  the  material  was  in  a  combined  thermal-radiat  ■>  environment  as  compared  with 
the  life  in  a  thermal  environment.  Several  other  materials  exhibited  longer  service  life 
in  the  combined  environment.  Improvement  ranged  from  162  per  cent  for  tht  combina¬ 
tion  of  silicone  enamel  and  silicone  varnish  at  240  C  to  780  per  cent  for  that  of  a  poly¬ 
ester  er.amel  and  oil-modified  phenolic  varnish  at  200  C.  On  the  other  hand,  polytetra- 
fluoroethylene  enamel  retained  less  than  1  per  cent  of  its  r.Cj  service  life  at  270  O 
when  in  a  radiation  field. 


Effects  of  Vacuum  and  Radiation 

General  Dynamics^8* ?)  irradiated  in  air  and  in  vacuum  electrical  insulation  mate¬ 
rials  designated  as  DC-7- 170  (silicone),  Geon  2046  and  Geon  8800  (polyvinyl  chloride), 
Estane  5740X1  (polyurethane),  Kynar  (polyvinylidine  fluoride),  Kel-F-81  (polytrifluoro- 
ethylene),  Duroid  (a  Fiberglas-reinforced  Teflon),  and  Mylar  (polyester).  Physical 
properties  were  determined  before  and  after  irradiation  and  the  data  arc  shown  in 
Table  A- 11. 
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TABLE  1 !.  RESULTS  OF  COMBI. 1ED  ENVIRONMENT  EXPOSURES  IN  PROGRESS^) 


Insulation  Material 

Enamel  Varnish 

Exposure 

Temperature, 

C. 

Normal  Thermal- 
Aging  Life, 
hr 

Exposure, 

Rate. 

mr/hr 

Exposure  Time  at 
End  of  Limited 
Test  Period, 
hr 

Per  Cent  of 

Normal  Thermal  Life 
at  End  of 

Limited  Test  Period^) 

Poly  viHjtl —  .. 
formal 

None 

200 

190 

0.5  * 

288 

200 

Polyvinyl 

formal 

None 

180 

280 

0.04 

1862 

666 

Aromatic 

polyimide 

None 

000 

940 

0.5 

2660 

282 

Polyester 

Oil-inodified 

phenolic 

200 

500 

0  5 

2798 

112 

Polytctra- 

fluoroethylene 

None 

13 

>10,000 

0.02 

1882 

<100 

(a)  Results  not  final;  aging  process  being  continued. 


Silicone  DC-7- 170  increased  in  tensile  strength  144  per  cent,  while  elongation 
decreased  83.  5  per  cen*  when  subjected  to  a  nuclear-radiation  exposure  of  9  /.  l'>9  ergs 
g"1  (C)  in  vacuum.  Average  weight  loss  was  0.2  per  cent.  The  color  changin'  from  a 
light  .'i.  to  a  dark  brown  during  the  vacuum  irradiation.  Mechanical  properties  were 
more  r  ;verely  affected  by  the  vacuum  irradiation  than  by  air  irradiation. 

Kel  F  bt.  arr.e  very  brittle  with  vacuum  irradiation  [exposure  of  1()10  ergs  g-l(C)], 
one  specimen  breaking  during  removal  from  th:  vacuum  chamber.  Weight  loss  was 
0.  29  per  cent.  When  irradiated  in  air  to  8  x  10^  ergs  g”l  (C),  the  specimens  crumbled. 
For  polyvinyl  chloride  (G eon  2046  and  Geon  8800),  changes  were  somewhat  greater  in  a 
vacuum-radiation  environment  than  in  an  air- radiation  environment.  At  approximately 
1010  ergs  g"l  (C),  changes  in  tensile  strength  were  20  to  30  per  cent  in  vacuum  and  5  to 
15  per  cent  in  air.  Also,  elongation  decreased  by  55  to  75  per  cent  in  air  and  80  to  85 
per  cent  in  vacuum.  Kynar  (polyvinylidene  fluoride)  increased  in  tensile  strength  by 
about  20  per  cent  when  irradiated  in  air  to  an  exposure  of  approximately  10*^  rgs  g-l 
(C).  In  vacuum,  the  increase  was  negligible.  Change  in  elongation  was  greater  in 
vacuum  than  in  air,  although  there  was  little  change  in  this  property. 

Polyurethane  and  Duroid  are  less  affected  by  irradiation  exposure  of  10^  ergs  g"* 
(C)  in  vacuum  than  in  air.  Mylar  increased  in  tensile  strength,  but  decreased  in  elonga¬ 
tion  when  irradiated  in  vacuum.  No  significant  weight  loss  was  noted.  This  material 
appears  satisfactory  for  applications  in  a  vacuum-gamma  radiation  environment  to 
10 10  ergB  g-1  (C).  However,  it  is  susceptible  to  ultraviolet  radiation  damage. 

Kerlin  and  Smithes7)  also  investigated  the  physical  properties  of  several  dielec¬ 
tric  materials  when  irradiated  in  air  and  in  a  vacu  im  (10“°  to  10"7  torr).  These  in¬ 
cluded  Marlex  6002  (high-density  polyethylene),  1'  flon  TFE,  Tedlar  (polyvinyl  fluoride), 
and  H-film  (polyimide).  Data  are  given  in  Table  A-ti.  The  polyimide  film  showed  the 
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highest  tensile  strength  and  the  greatest  stability  to  radiation  both  in  air  and  in  a  vac¬ 
uum.  After  3  x  10^  ergs  g“l  (C)  exposure,  tensile  strength  dropped  only  from  19,470 
psi  to  17,903  psi  when  irradiated  in  air  and  to  18,877  psi  when  irradiated  in  vacuum. 
Elongation  decreased  from  128  per  cent  tc  83  per  cent  v'hen  irradiated  in  air  and  to 
10j  per  c«nt  when  irradiated  in  vacuum,  Tudlnr  also  showed  good  stability  to  radiation 
both  in  air  and  in  vacuum  when  irradiated  to  an  exposure  of  109  ergs  g-1  (C). 


Effects  of  Cryogenic  Temperatures 
and  Radiation 


Mylar  C  was  irradiated  at  liquid-nitrogen  and  liquid-hydrogen  temperatures.  (30) 

At  cryogenic  temperatures,  tnere  was  an  increase  in  tensile  strength  and  a  decrease  in 
elongation.  At  the  liquid-nitrogen  temperature,  gamma  irradiation  decreased  the  ten¬ 
sile  strength,  but  not  below  the  original  value  at  room  temperature. 

The  polyimide  film,  HT-1,  was  also  irradiated  at  liquid-hydrogen  and  liquid- 
nitrogen  temperatures,  (30)  Tensile  strength  of  the  polyimide  film  increased  and  elonga¬ 
tion  decreased  at  this  temperature,  but  the  effect  of  radiation  up  to  lO1^  ergs  g“l  (C) 
was  very  slight. 


Laminates 


Combined  effects  of  radiation  and  vacuum  [10*0  ergs  g“l  (C)  and  10-?  torr]  have 
show .  no  deleterious  effects  on  the  strength  of  various  tested  laminates  except  those 
prep,  red  with  f'araplex  P-43  and  Silicone  DC-2104  resins.  These  decreased  in  tensile 
strength  when  subjected  to  exposures  higher  th^n  10^  ergs  g-^  (C). 

Dynalam  (glass  fiber-phosphonitrillic  chloride  polymer)  shows  promise  for  use  at 
450  F  and  an  exposure  of  6  x  10*0  ergs  g-1  (C). 

Epoxy,  oolyester,  phenolic,  melamine,  and  silicone  laminates  have  been  investi¬ 
gated  as  to  their  behavior  in  a  radiation  environment.  These  do  not  appear  to  be  ad¬ 
versely  affected  by  ruclear-radiation  exposure  of  10*0  ergs  g-1  (C)  and  ultra  dolet  ex¬ 
posures  of  2  pyrons  for  500  hours  (1  pyron  =  1  cal/cm2/min).  The  polyesters  were 
found  to  be  the  more  sensitive!,  to  ultraviolet  irradiation,  but  may  be  improved  with  the 
incorporation  rf  ultraviolet  stabilizers.  Phenolics  appear  to  b*  lnast  sensitive  to  ult  .a- 
violet  exposure.  Epoxy  laminates  show  improved  strengths  when  tested  in  a  vacuum  en¬ 
vironment.  Present  information  would  indicate  that  cryogenic  temperatures  will  not  be 
a  serious  problem  with  structural  laminates. 


Effects  of  Nuclear  Radiation 

Laminates  called  Dynalam  consisting  of  181  glass  cloth  (A-1100  finish)  impreg¬ 
nated  with  AP-Resin-XHU  (a  phosphonitrillic  chloride  polymer)  were  irradiated  fov 
55  hours  at  an  ambient  temperature  (120  to  130  F)  and  at  450  F,(^  Some  of  these 
laminates  contained  an  unspecified  curing  agent  and  some  contained  no  curing  agent. 
All  of  them  showed  excellent  radiation  stability.  The  tensile  strength  of  samples  r- 
radiated  in  air  at  130  F  to  an  exposure  of  1.7  x  1011  ergs  g-l  (C)  and  tested  at  ro  »m 
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temperature  did  not  change  more  than  5  per  cent.  The  tensile  strength  of  samples  ir¬ 
radiated  at  450  F  to  an  exposure  of  6  x  lO1^  ergs  g-1  (C)  and  tested  at  room  temperature 
did  not  change  appreciably.  This  was  true  for  both  laminates  containing  a  curing  agent 
a.,d  for  those  with  no  curing  agent.  Data  are  given  in  Aopendix  A,  Table  A- 13. 


Effects  of  Vacuum  and  Nuclear  Radiation 

DeWitt,  Podlaseck,  and  Suhorsky(9)  exposed  samples  in  a  vacuum  of  10“4  to  10"5 
torr  to  a  temperature  of  250  F  to  400  F  for  a  7-hour  period.  Materials  investigated  and 
test  results  are  shown  in  Table  A- 14  in  Appendix  A.  Only  the  phenolic  91  LD-Fiberglas 
laminate  was  significantly  affected  by  the  vacuum  exposure.  The  compression  strength 
of  this  material  increased  by  36.  5  per  cent.  WahlO^)  conditioned  specimens  of  poly¬ 
ester  (P-43),  epoxy  (Epon  811),  and  phenolic  (91  LD)  laminates  for  2  hours  in  an  air- 
circulating  oven.  After  being  cooled  in  a  desiccator  and  weighed,  the  samples  were 
placed  in  a  vacuum  oven  for  1000  hours.  After  6  hours,  pressure  was  7.2  x  10"^  torr; 
after  100  hours,  it  was  down  to  6  x  10“?  torr,  and  at  the  end  of  1000  hours  the  pressure 
was  down  to  3  x  10“7  torr.  Temperature  ranged  from  78  to  80  F.  After  1000  hourt . 
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the  samples  were  reweighed.  In  all  cases  loss  of  weight 
Data  are  given  in  Table  12. 

was  less  than  u,  i  per 

cent. 

TABLE  12.  WEIGHT  LOSS  OF  LAMINATES  EXPOSED  TO  HIGH  VACUUM  FOR  1000  HOURSt19) 

Polyester 

''henolic 

I  v 

_  — 

Material 

Sample  A 

Sample  B 

Sample  A 

Sample  B 

Sample  A 

Sample  B 

ejT 

70 

Original  ,n\  <y-  , 

13.4794 

13.6450 

15. 1660 

14.6469 

14. 1908 

14.0570 

Weight  *  ret  E'  c«u"  grams 

13.4771 

13.6408 

15. 1526 

14.6352 

14. 1908 

14. 0570 

70 

Lou  in  Weight 

Grams 

0.0023 

0.0042 

0.0134 

0,0117 

0.0 

0.0 

Per  Cent 

0.02 

0.03 

0.09 

0.08 

0.0 

0.0 

b 


Boundy(31)  reports  the  per  cent  weight  loss  at  a  pressure  of  10”6  torr  and  expo¬ 
sure  temperatures  of  75,  150,  and  300  F  after  peiiods  of  1,  4,  and  7  days.  Data  are 
given  in  Table  13. 

TABLE  13.  WEIGHT  LOSS  FOR  LAMINATES  UNDER  VACUUM -THERMAL  CONDITIONS(31) 


(Pressure,  10®  mm  Hg> 


Materials 

Weight  Lots,  pet 

cult 

mmmrmmm 

,,rn 

Temperature,  75  F 

Tempe,  -ure,  150  F 

Temperature,  300  F 

” 

Time,  days 

Time,  days 

Time,  days 

' 

1 

5 

8 

1 

4 

7 

1 

4 

7 

7 

Epoxy  glass  fiber 

0.03 

0. 06 

0.06 

0.09 

0.30 

0.33 

0.31 

0.56 

0.62 

62 

Phenolic  glass  fiber 

0.11 

y.24 

0.29 

0.24 

0.48 

0.55 

0 . 9'r 

1.25 

1.32 

32 

Phenolic  cotton 

0.41 

0.95 

1. 14 

0. 93 

1.32 

1.36 

1.54 

1.83 

1.89 

.  89 
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The  epcxy  has  a  lower  weight  loss  than  the  phenolics.  It  is  believed  that  part  of  5f 

the  weight  loss  of  phenolics  is  due  to  the  release  cf  water  formed  during  polymerization  ,jon 

and  which  has  remained  in  the  laminate. 

Podlaseck  and  Suhoroky(4> 32)  show  that  the  effect  of  vacuum  on  weight  loss  v,f 
polymers  is  to  decrease  the  equilibrium  weight-lo3S  rate  at  elevated  temperatures. 

They  state  that  since  the  weight-loss  rate  is  proportional  to  the  degradation  rate,  the-  2- 

implication  is  that  the  normal  rate  of  degradation  observed  in  air  can  be  considered  to  to 

consist  of  two  modes:  (1)  an  oxidative  degradation  which  is  dependent  or.  the  partial 
pressure  of  oxygen  or  water  vapor  available  to  the  specimen,  and  (2)  a  pure  thermal 
degradation  which  is  independent  of  the  surrounding  environment.  A  vacuum  does  not 
appear  to  alter  the  equilibrium  weight-loss  behavior  of  the  unmodified  crosslinked- 
resin  system  used,  but  seems  only  to  provide  an  inert  environment  at  temperatures 
where  oxygen  increases  degradation.  Nitrogen  and  helium  can  afford  the  same  protec-  JC_ 

tion  as  a  good  vacuum. 

Because  the  rate  of  weight-loss  increase,  with  increasing  temperature,  is  less  in  s  ln 

vacuum  than  in  air,  the  upper  temperature  limit  for  the  use  oi  many  plastics  may  :c- 
tually  be  increased  for  extended  space  exposures  in  radiation-protecieu  areas. 

Gray,  et  al.  ,(®)  determined  the  tensile  strength  of  several  laminates  after  expo-  )0_ 

sure  to  radiation  and/or  vacuum.  Table  A- 15  lists  the  materials  tested,  and  Figure  A-5  A-5 

shows  the  effect  of  vacuum,  radiation,  and  combined  environment  on  these  rr  . .  -rials.  ,, 

It  may  be  seen  from  Figure  A-5  that,  except  for  the  epoxy  glass-fiber  ma.e  ■.<•*  (Scotch-  tc},_ 

ply  I'C"'  "6.  Minnesota  Mining  and  Manufacturing),  there  was  little  effect  c:  these  envi-  nvi- 

ronmnts  on  .he  laminates.  With  the  Scotchply  materials,  the  combined  radi-lion  [10$  09 

erg-  (Cl I  ind  vacuum  (10-^  torr)  environment  increased  tensile  strength;  whereas 
eiti.  r  factor  ’.one  slightly  decreased  this  property. 

Kerlin  and  Smith(7>  ^3)  tested  nine  glass-fabric  laminates  and  one  honeycomb 
laminate  for  effects  of  radiation- vacuum  environment.  These  included  Mobiloy  AH-81,  .81, 

CTL-91-LD,  and  Conolon  506  (phenolic),  Paraplex  P-43  and  Selectron  5003  (polyester),  ter), 

DC-2104  and  DC-2106  (silicone),  Epon  828  (epoxy),  and  HRP  Honeycomb  (phenolic). 

Tests  indicated  that  the  combined  effects  oi  radiation  and  vacuum  [approximately  10^0  ilO 

ergs  g-^  (C)  and  10“?  torr]  have  no  deleterious  effect  on  the  strength  of  the  laminate..  eg 

except  for  P-43  and  DC-2104.  Paraplex  P-43  lost  tensile  strength  rapidly  rfter  10^  10 

ergs  g“l  (C).  At  an  exposure  of  3.  1  x  10^  ergs  g“l  (C)  in  vacuum,  tensile  strength  h 

decreased  by  approximately  20  per  cent  as  compared  with  a  loss  of  6  per  cent  when  ir-  ir_ 

radiated  in  a- r  to  3.9  x  10^  ergs  g“^  (C).  Similarly,  the  tensile  strength  of  Silicon  i 
DC-2104  decreased  after  an  exposure  of  10^  ergs  g-1  (C)  in  vacuum.  At  2.9  x  10*0  0 

ergs  g"l  (C),  tensile  strength  decreased  by  15  per  cent.  In  air,  no  loss  was  observed  /ed 

at  an  exposure  of  3.  9  x  10^0  ergb  g"!  (C).  See  Tables  A-16  through  A-19. 

Effects  of  Nuclear  Radiation  and 
Cryogenic  Temperature 

Yasui(^)  irradiated  two  phenolic-impregnated  glass-cloth  laminates  (Smcwave  -e 

and  Hexcel)  in  liquid  hydrogen  to  an  exposure  of  3.2  x  10$  to  2,  1  x  10^  e  rgs  g"1  (C). 

Tensile  strength  and  tear  strength  were  determined  while  samples  were  immersed  in  ,n 

liquid  nitrogen.  Exposure  to  2  x  10*?  ergs  g-1  (C)  in  liq»  id  nitrogen  produced  ro  sigr.ifi-  ;r.ifi - 

cant  effect  on  the  tensile  and  tear  strengths  of  either  material.  Data  are  given  in  Fig-  qg_ 

ures  A-6  and  A-7 . 
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T'"o  laminates  prepared  by  Lockheea-Georgia  Company  for  possible  hydrogen 
barriers  also  ware  evaluated.  Laminate  1  consisted  of  two  plies  of  Epon  820-resin- 
impregnated  116  Fiberglas  cloth  laminated  to  1  piy  of  aluminized  polyester  film  with 
t’.e  aluminum  forming  one  exterior  surface.  Radiation  results  indicate  that  the  strength 
properties  of  the  material  were  not  significantly  affect*,  t  by  exposure  to  2.6  x  19^  ergs 
g“‘  1C).  The  same  radiation  exposure  produced  <>c  f.r.atistically  significant  eftects  on 
Laminate. II  which  consiated_of_Qne _p. y.oiiBLEib-  rglas  cloth  impregnated  with  ERL 
2795/2870  epoxy  resin  and  coated  with  six  thin  layers  of  Elastathane  M-50. 

Gray,  et  al. , (®)  irradiated  phenolic,  polyester,  epoxy,  and  silicone  laminates  in 
air  and  in  vacuum  (10“b  torr  for  2  weeks)  to  an  exposure  of  109  ergs  g-1  (C).  These 
were  then  tested  at  a  temperature  of  -300  F.  Data  are  shown  in  Figures  A-8  to  A- 11 
{also  compare  with  Figure  A-5).  According  to  Gray,  the  environmental  conditioning  im¬ 
proved  the  strength  of  epoxy  with  unidirectional  glass  fibers  and  phenolic  with  glass 
fabric.  However,  phenolic  with  high-silica  fabric  exhibited  a  slight  degradation  in  ulti¬ 
mate  strength.  No  trend  of  improvement  or  degradation  due  to  environmental  exposure 
was  found  for  the  remaining  materials. 

Kerlin  and  Smith(?)  irradiated  Conolon  506  (phenolic)  and  Paraplex  P-43  (poly¬ 
ester)  at  liquid-nitrogen  and  liquid-hydrogen  temperatures  to  a  gamma  exposure  of 
6  x  1010  ergs  g"l  (C).  No  significant  change  in  ultimate  tensile  strength  occurred  at 
the  liquid-nitrogen  temperature.  Although  tensile  strength  increased  somewhat  at  the 
liquid-hydrogen  temperature,  this  was  believed  to  be  due  to  chemical  reactions  between 
the  ionized  hydi  ogen  and  components  of  the  adhesive  rather  than  to  the  lowei 
temperature. 


Effe.  s  ot  Vac  .mm  and 
Ultraviolet.  Rm  .  ation 

Wahl,  et  al.  ,  (34>  35,  19)  exposed  three  types  of  laminates  to  ultraviolet  radiation 
in  vacuum.  These  included  glass-reinforced  polyester  P-43,  epoxy  Epon  815,  and  phe¬ 
nolic  CTL-91  LD.  The  ultraviolet  source  was  either  an  Osram  HDO-109  high-pressure 
quartz-mercury  lamp  or  Osram  HBO-100  W/2  mercury  lamp  which  produce  ultraviolet 
and  visible  radiation  from  below  2500  to  about  7000  A. 

No  significant  degradation  of  the  laminates  occurred  when  exposed  to  radiation  of 
2  pyrons  (2  cal/cm^/min)  for  periods  up  to  500  hours.  To  determine  the  relative  effect 
of  exposure  to  vacuum  and  varying  intensities  of  ultraviolet  radiation  for  greater  lengths 
of  time,  further  tests  were  conducted  at  2,  3,  4,  5,  and  6  p>x-~ 

Examination  of  the  specimens  after  exposure  *o  vacuum  ar.d  ultra. iolet  radiation, 
of  2  and  3  pyrons  intensity,  for  periods  of  125  hour.-!  showed  that  the  transparent  poly¬ 
ester  and  epoxy  laminates  became  opalescent  and  the  surface  facing  the  radiation  be¬ 
came  brown.  This  was  not  observed  with  the  phenolic  laminates  since  they  were  rela¬ 
tively  dark  brown  and  opaque  before  exposure.  With  greater  exposure  to  ultraviolet, 
the  polyester  and  epoxy  laminates  became  more  charred  and  blistered.  The  phenolics 
did  not  char  even  with  4,  5,  and  6  pyrons  of  ultraviolet.  Compressive  and  flexural 
strength  data  aie  given  in  Tables  A-20  and  A-21. 
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In  summary,  Wahl  found  tnat  pressure  showed  little  or  no  influence  on  flexural 
modulus  except  with  polyester  at  moderate  temperature  in  the  presence  of  ultraviolet 
radiation.  In  all  cases,  higher  temperatures  decreased  flexural  strength.  The  extent 
o:  the  influence  is  greatest  with  epoxy  and  least  with  phenolic.  It  is  greatest  in  the 
pi-  sence  of  vacuum  without  radiation,  and  least  in  the  presence  of  radiation  at  1  atmo¬ 
sphere  of  pressure.  The  presence  of  radiation  generally  decreased  strength.  The  ef¬ 
fect  war  ~fflOST  pronounced  ^Tth~ polyester* aTYodrr  temperature  with  T  atmosphere-©!  * 

pressure.  Wahl  states  that  heat  or  ultraviolet  alone,  or  combined,  have  the  greatest 
influence  on  strength  properties  of  the  three  types  of  laminates  and  it  is  important  to 
separate  these  environmental  elements  when  determining  their  efiect  on  plastic 
materials. 

Initial  work  would  indicate  that  incorporation  of  an  ultraviolet  absorber  ir.  the 
polyester  resin  would  be  effective  in  reducing  degradation  due  to  vacuum  ultraviolet. 

Tables  A-22  through  A-24  show  the  ultraviolet  absorbers  tried,  weight  loss,  and  flexural  ral 

strengths  of  laminates  after  exposure. 


Potting  Compounds 


Potting  compounds  are  available  that  maintain  good  dielectric-constant,  dissipa¬ 
tion-factor,  and  volume-resistivity  measurements  before,  during,  and  after  irradiation  >n 

to  an  exposure  of  about  10 ^  ergs  g“^  (C). 

rur  pouing  compounds  to  be  used  in  a  vacuum-radiation  environment,  c  higher 
temp  ratnre  <  \re  is  preferred  to  a  room  temperature  cure.  Solvent  systems  are  gen¬ 
eral’  not  sat.  factory  because  they  tend  to  be  gaseous  as  a  result  of  entrapped  solvent;  ;; 

this  leads  to  per  osity. 

Potting  compounds  have  been  found  satisfactory  for  use  in  vacuum  at  170  F  to  a 
gamma  exposure  of  1010  ergs  g“*  (C). 


Effects  of  Gamma  Radiation 

According  to  Dexter  and  Curtindale(3&)  Dow  Corning  R-7521  (silicone  resin)  com- 
bined  with  inorganic  fillers  such  as  Silica  sand  or  zirconium  orthosilicate  showed  no  ap-  p_ 

parent  degradation  of  physical  properties  after  irradiation  exposures  of  5  x  10 10  erg< 
g-1  (C)  (500  megarads)  at  23  C  or  after  10*°  ergs  g"*  (C)  and  2b50  hours  at  200  C. 

Because  of  its  outstanding  thermal  endurance  and  radiation  resistance,  this  system  is 
considered  an  ideal  potting  material  for  such  equipment  as  canned  motor  pumps  and 
reactor-control-rod  drives.  Figure  11  shows  the  effects  of  combined  heat  and  radiation  ,n 

on  the  electrical  properties  of  R-7521  silicone  resin. 

Several  potting  compounds  were  investigated  by  Armstrong.  (37)  These  included: 
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FIGURE  11 


.  EFFECTS  OF  GAMMA  RADIATION  ON  ELECTRICAL  PROPERTIES  OF 
SILICA  SAND  IMPREGNATED  WITH  DOW  CORNING  SOLVENTLESS 
SILICONE  RESIN  R-7521<36) 


Scctchcast  No.  3 
Stycast  2651  MM 
RTV-501 
Epon  828/D 

Insulating  Lacquer  1162  A/B 
12-007 

Stayfoam  AA402 
EG  758  T 

Scotchcast  Foam  Pesin  No.  603 


Minnesota  Mining  and  Manufacturing  Co. 
Emerson  and  Cuming 
Dow  Corning 
Shell  Chemical  Co. 

Dennis  Chemical  Co. 
hysol  O'.rp. 

Amjncan  Latex 
Mica  Corp. 

Minnesota  Mining  and  Manufacturing  Co. 


Insulation  resistance  measurements  were  taken  before,  during,  and  after  irradia¬ 
tion.  Resistances  of  the  samples  were  iound  to  be  dependent  on  the  exposure  [exposure 
rates  varied  from  approximately  104  ergs  g~l  (C)  hr“-  to  10^  ergs  g"l  (C)  hr“l],  The 
greatest  change  occurred  in  tv<''  Mica  reference  sample;  the  potting  materials  served  to 
decrease  the  rate  effects  in  the  other  samples.  RTV-501  showed  an  appreciable  change 
in  insulation  resistances  at  the  higher  exposure  rates,  as  did  Dennis  Insulating  Lacquer 
1162  and  American  Latax  Stayfoam  AA-402. 

Bendix  Corporation  measured  dielectric  constant,  dissipation  fa^t-”-,  and  volume 
resistivity  before,  during,  and  after  irradiation  of  seven  types  of  epoxy  resins.  (38) 
Exposure  was  about  10^1  e-gs  g“l  (C)  or  1.  1  x  10^  nvft.  Of  the  seven  tested,  five 
were  considered  as  stable  potting  and  insulating  materials  at  the  exposure  ol  the  test. 
'These  included; 


Maraset  b22-E 
K  i.  a  (  -M 
.ish  42(  A 
Scotchc.'  t  5 
Scotchcast  212 


Effects  of  Radiation  and  Vacuum 


Cure  is  an  important  factor  with  potti  ">g  compounds  subjected  to  the  radiation  and 
vacuum  conditions  of  a  space  environment,  A  higher-temperature  cure  is  preferred  to 
a  room-temperature  cure.  Solvent  systems  are  generally  not  satisfactory  as  they  tend 
to  dissolve  the  insulation  of  imbedded  wire  and  retain  residual  solvent  which  *eads  to 
porosity. 

Blackmon,  st  al,  ,  w)  determined  the  effect  ot  vacuum  \lvf  7  torr)  and  radiation  on 
a  number  of  potting  compounds  at  a  temperature  of  170  F.  Some  of  the  materials  were 
exposed  to  10^®  ergs  g~l  (C)  gamma  radiation  in  ai>  ,  Table  14  summarizes  the  overall 
performance  of  the  materials.  No  large  changes  in  hardness  or  dielectric  constant  re¬ 
sulted.  The  greatest  variations  were  in  weight  loss  and,  consequently,  dimensional 
stability.  Two  of  the  materials,  Epocast  202 / ^6 1 5  and  Hysol  12-007  A/B  were  satisfac¬ 
tory  on  exposure  to  vacuum  and  gamma  radiation.  According  to  Clauss(^^),  the  Hysol 
showed  excellent  stability,  but  cure  shrinkage  was  greater  than  2  per  cent  and  shrinkage 
during  exposure  to  vacuum  at  170  F  was  4.  5  per  cent.  Three  materials  that  were  iound 
satisfactory  after  exposure  to  vacuum  at  170  F  were  not  subjected  to  radiation  exposure. 
These  included  a  polyurethane,  PRC  1535  A/B  (Products  Research  Company),  a  silicone 
elastomer,  DC,  502/501  (Dow  Corning  Corp.),  and  an  epoxv-polyamide,  Epibond  1210/ 
9615  (Furar.e  Plastics  Co.). 
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K'-Viin  and  Smith(°.*^)  studied  the  effect  of  radiation  and  vacuum  on  several  sili- 


ooxy  potting  compounds, 

Tnese  included: 

Epon  828 /Z 

Epoxy 

Silicone  DC-R7  5.M 

Silicone 

Scot*  beast  212 

Epoxy 

RTV-501 

Si)  .one 

RTV-60 

Silicone  elastomer 

EC-  ’.273 

Fluorinated  elastomer 

The  ultimate  compressive  strength  of  Epon  828 IZ  increased  approximately  6  per  cent 
when  subjected  to  a  radiation  exposure  of  10^  ergs  g“l  {C)  at  a  pressure  of  2  x  10“^ 
torr.  This  change  is  not  considered  to  be  significant.  Tnere  was  no  change  in  the  weight 
of  the  material  and  its  color  --'anged  from  amber  to  dark  brown.  Siiicone  DC-R7  521 
did  not  change  significantly  in  weight  or  compressive  strength  at  a  radiation  exposure  of 
9  x  10^  ergs  g"^  (C)  and  a  pressure  of  2  x  10“^  torr,  but  changed  from  a  straw  color  to 
dark  brown.  Data  are  given  in  Table  A-25  in  Appendix  A. 

RTV-60,  a  silicon*  elastomer,  was  exposed  to  radiation  under  ;t_tic  and  dyr.a  c 
conditions.  The  compressive  strength  was  found  to  increase  for  a  deflection  of  0.02 
inch  after  an  exposure  oi  8.6  x  10^  erss  g~*  (C)  in  vacuum,  Samples  exposed  under 
dynamic  conditions  required  a  76  per  cent  increase  in  load  to  compress  them  0.02  inch. 
Statically  exposed  samples  tested  several  weeks  later  required  a  396  per  cert  ncrease 
in  load.  A  load  of  1549  psi  was  required  tc  compress  the  static  irradiated  s'  .Je 
25  per  rent  as  compared  to  a  value  of  203  osi  for  the  control,  a  change  of  .  oer  cent. 
Data  a  .  gi  i  in  Table  A-26  and  Table  15. 

The  in  nation  in  ■■  ir  of  Scotchcast  212  (epoxy)  and  EC-2273  (a  fluorinated  elas¬ 
tomer)  hai.  1 : tt ■  effect  on  their  properties.  Irradiation  ir  vacuum  caused  compressive 
strength  of  the  ocotehcast  to  increase  by  almost  50  oer  cent.  A  small  increase  was 
noted  for  EC  2273.  With  RTV-501  silicone,  radiation  both  in  air  and  in  vacuum  in¬ 
creased  comores  sive  strength.  However,  in  vacuum,  the  increase  was  more  noticeable. 
Data  are  given  ir  Table  A- 27. 
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O-Rincs,  and  Gaskets 


Elaatomers  which  have  shown  promise  for  use  as  seals,  O-rings  or  gaskets  for 
use  in  a  radiation  environment  include  natural  rubber,  SBR.  nitrile  rubber,  some  po’y- 
urethan.'s,  neoprene,  Viton  A  and  B,  and  silicone  elastomers. 


For  temperatures  above  300  F,  Viton  A,  Kel-F,  nitrile  rubber,  and  silicone 
elastomers  may  be  considered. 

Elastomers  which  have  shown  promise  when  irradiated  to  10^  ergs  g"l  (C)  at 
room  tempeiature  include  natural,  SBR,  nitrile,  neoprene  (if  not  immersed  in  water), 
and  some  polyurethane  rubbers. 

At  elivated  temperatures,  the  most  rauiatior.-resistant  elastomers  appeared  to  be 
satisfactory  to  10^  ergs  g-I  (C). 


The  addition  ot  antirads  improved  somewhat  the  stability  of  nitrile,  neoprene, 
s;iR,  and  natural  rubbirs.  The  antirads  increased  service  lift  by  about  one  order  of 
magnitude . 
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Nitrile  rubber  is  not  seriously  affected  by  radiation  either  in  air  or  in  vacuum  to 
an  exposure  of  10^  ergs  g"1  (C).  At  1010  ergs  g*1  -C),  the  effect  of  irradiation  is  about 
t.  e  same  in  air  as  in  vacuum.  Irradiation  of  neoprene  to  10®  ergs  g“*  (C)  has  about  the 
s.-’me  effect  in  vacuum  as  in  air.  Radiation  effects  cr.  \  :ton-B  appeared  to  be  si-r-Uar 
whether  irradiated  in  air  or  in  vacuum. 


Effects  of  Nuclear  Radiation 


Morris  and  Caggegi(40)  investigated  24  rubber  vulcanizates  and  93  antirads  in  an 
effort  to  develop  rubber  gaskecs  which  would  be  resistant  to  nuclear  radiation.  The 
vulcanizates  were  exposed  to  a  gamma  exposure  of  10*®  ergs  g“*  (C)  at  a  temperature 
of  75  F.  Elastomers  ex&mirM  included  natural,  styrene-butadiene,  acrylonitrile, 
acrylic,  neoprene,  v  nylpyridine,  polyurethane,  silicone,  fluorinated  silicone,  and 
Viton-A.  Using  compression  set  as  the  criterion  for  behavior  as  a  gasket  material,  the 
elastomers  which  were  the  most  satisfactory  were  natural  rubber,  styrene-butadiene 
containing  23.  5  per  cent  styrene  polymerized  at  41  F  (Synpol  1500),  and  nitrile  rubber 
(Hycar  1072).  It  was  found  that  the  resistance  to  gamma  irradiation  of  ’■tvrene- 
butadiene  rubber  was  improved  if  it  was  cured  with  dicumyl  peroxide  instead  of  sulfur. 

Genthane  S,  a  polyurethane,  was  rated  as  one  of  the  best  vulcanizates,  but 
Adiprene  C,  also  a  polyurethane,  was  questionable.  Some  of  the  specimens  of  the 
latti  including  the  control,  hot-compression  set,  and  irradiated  samples,  *  .  ttered 
vvMt?  >  ,  .•'oressed.  Apparently,  the  strength  of  this  vulcanizate  was  margiru.,.  Silicone 
vulcaiu  i u>  -u  a  'Mgh  compression  set  before  irradiation  and  showed  largi  ecrease; 
in  M  t  intien  ation*  after  irradiation.  Irradiation  caused  the  Philprene  VF-25,  Viton 
A-H  ,  and  Si  tstic  LS-53  specimens  to  corrode  the  aluminum  plates  hoiuir.g  them  in 
compress;on. 

Table  lo  shows  the  compression  set  and  the  decrease  of  Ma  -  indentation  of  sev¬ 
eral  vulcanizates  after  irradiation.  The  figures  given  are  the  dilferenceii  between  the 
irradiated  values  and  the  original  values. 

The  radiation  resistance  of  the  vulcanized  rubbers  with  respect  to  compression 
set  can  be  improved  by  compounding  with  certain  antioxidants,  antiozonants,  or  with 
certain  chemicals  containing  aromatic  rings  or  condensed  ring  structures.  These  are 
discussed  in  the  section  on  antirads. 

In  studies  to  determine  the  extent  to  which  antirads  can  ^  <toct  O-rings,  Born 
and  Associates^  1)  investigated  the  effect  of  the  more  promising  antirads  in  nitrile, 
nitrile/styrene-butadiene  (90/10),  neoprene,  and  V Iton-A  premium-quality  compounds 
used  currently  in  commercial  O-ring  seal  production.  They  found  that  on  the  basis  of 
absolute  postirradiation  property  values  as  well  as  per  .cent  retention  of  initial  values, 
the  nitrile  rubber  compound  (NBR)  plus  5  phr  of  Stabilite-FLX  was  the  most  promising 
all-around  candidate  rubber  compound  of  this  group  for  O-ring  seals  for  radiation  ser¬ 
vice.  This  formulation  is  compounded  by  Precision  Rubber  Products  Corporation. 


•Mast  indentation  Is  the  deptl  of  penetration  of  a  0.  126 -inch  hemispherical  Indentcr  into  the  sample  with  a  3000-gram  weight 
resting  on  the  indentor.  Readings  are  taken  after  !  minute  and  are  expressed  in  hundredths  of  a  millimeter.  This  test  utilizes 
the  Mast  Indentometer  Model  650-2,  hut  otherwise  It  is  the  same  test  as  A  STM  D>31-58,  "Indentation  of  Rubber  by  Means  of 
the  Pusey  and  Jones  Plastometer". 
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TABLE  16.  CHANGE  IN  COMPRESSION  SET  AND  MAST 
INDENTATION  OF  ELASTOMERS  DUE  TO 
GAMMA  RADIATION^0) 


Robber 

Compression  Set- 
due  to 

Radiation,  % 

Decrease  of  Mast(a) 
Indentatic  a  due  to 
Radiation 

Adiprene  C 

55 

12  , 

Silastic  S2048 

59 

174 

Silicone  W9& 

71 

185 

Synpol  1500 

74 

41 

Philprena  VP-25 

77 

62 

Natural 

78 

42 

Genthane  S 

79 

26 

Hycar  1071 

79 

55 

Hycar  1041 

80 

49 

Hycar  1042 

80 

39 

Hycar  2001 

81 

51 

Hycar  1001 

82 

43 

Synpol  1000 

82 

46 

Naugapol  1504 

83 

45 

Synpol  8000 

83 

42 

Naugapol  1023 

84 

57 

Hycar  1002 

84 

43 

;ar  1043 

84 

48 

Neoprene  WRT 

85 

59 

11,  :nr  1014 

88 

61 

ily,  *r  4021 

89 

63 

Silastic  LS-53 

98 

97 

Viton  A-HV 

100 

44 

(*)  Mitt  indentation  11  the  depth  of  penetittlon  of  •  0. 125-inch  hemiipheilcal  •ndentoi  into 
the  iimple  with  a  1000-pum  weight  ten  "j  on  the  indentot.  Readings  ate  aken  after 
1  minute  and  are  expensed  in  hundredths  of  a  millimeter.  This  test  utilizes  the  Mast 
Indcntometei  Model  650-2,  but  otherwise  it  is  the  same  test  as  A8TM  D531-56, 

"Indentation  of  Rubber  by  Means  of  the  Pusey  and  Jones  Plastometer" . 

General  Dynamic sU)  irradiated  four  O-ring  formulations  manufactured  by 
Precision  Rubber  Products  Corporation  (PRP).  Three  of  the  formulations  were  devel¬ 
oped  in  a  cooperative  program  by  B.  F,  Goodrich  Co,  and  PRP  to  develop  radiation- 
resistant  O-ring  compounds.-  The  fourth  was  a  standard  PRP  Viton-B  formulation. 
Data  were  given  for  a  neoprene  rubber  containing  5  parts  Antiox  4010  and  for  Viton  B, 
These  materials  when  irradiated  at  375  F  in  air  and  in  fluid  maintained  considerable 
tensile  strength  and  elongation.  Data  are  given  in  Table  17. 

Lewis^15)  at  General  Dynamics  irradiated  an  SBR  rubber  and  a  nitrile  rubber 
composition  developed  by  Goodrich  and  Precision  Rubber  Products  Companies.  Both 
contained  an  antirad  to  improve  radiation  resistance.  These  compositions  appeared  to 
be  serviceable  to  a  radiation  exposure  of  lU10  ergs  g-1  (C).  (See  Tables  18  and  19.) 
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(a)  Total  time  in  compreaion  for  all  specimen,  310  bouts. 

(b)  Tensile  values  are  average  for  IS  samples;  all  others  are  average  for  S  samples. 
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Koehler  and  Pefhany(^)  tested  a  gaging  system  for  reactor  pressure  tubes  de¬ 
signed  to  measure  diameter,  su-'face  defects,  wall  thickness,  and  straightness  in  a  de- 
fuelled,  drained  channel  during  periods  of  reactor  shutdown.  The  ultrasonic  crystal 
used  to  trace  the  wall  contour  required  a  water  coupling  to  the  tube  wall  and,  therefore, 
seme  of  the  O-rings  were  wet  or  immersed  in  water  during  the  testing  of  the  gaging 
system.  As  a  result,  soin;  of  the  O-ring  materials  were  tested  wet  and  some  dry,  de¬ 
pending  on  the  location.  The  neoprene  O-rings  were  found  to  be  satisfactory  to  a  radia¬ 
tion  exposure  of  approximately  10^®  ergs  g"  1  (C)  both  wet  and  dry.  Although  the  O- 
r!ngs  had  hardened,  they  were  considered  satisfactory  for  this  application.  Silicone 
rubber  O-rings  (Armet  Green  and  Grey,  and  Linear  White)  and  a  white  Teflon  O-ring 
were  considered  satirfacto-y  when  a  y,  but  they  hardened  considerably  when  wet. 


Effects  of  Vacuum  and  Nuclear  Radiation 

Gamma- radiation  effects  were  determined  by  subjecting  components  containing 
the  seals  to  nuclear  radiation.  Solenoid  valves,  check  valves,  relief  valves,  actuators, 
ball  valves,  and  regulators  were  subjected  to  2  weeks  in  a  vacuum  with  the  temperature 
cycled  daily  from  -175  to  +50  C.  They  were  then  subjected  to  radiation  exposure  in  «ir 
and  finally  to  a  repetition  of  the  vacuum  exposure.  Although  the  effects  of  environment 
on  the  seals  in  these  components  were  not  given  directly  and  are  not  strictly  compara¬ 
ble,  it  would  appear  that  neoprene,  Viton-A,  Kel-F,  and  some  Teflon  seals  were  satis¬ 
factory.  Butyl  rubber,  nitrile  rubber,  and  other  Teflon  seals  were  adversely  affected 
and  thus  were  not  satisfactory. 

T-c‘ar!'T  sealing  materials  within  a  solenoid  changed  in  hardness  or  .  ze, 
thereh-  increasing  the  mechanical  forces  required  to  actuate  the  valve.  This  is  illus- 
fsti"  of  the  •  -pe  problems  encountered.  Leakage  rates  of  components  wJth  elasto¬ 
mer  seals  a;. 1  seats  generally  increased  as  a  result  of  the  combined  environmental 
exposure  testin^. . 

Kcrlin  and  Smith^,  7)  evaluated  Viton-B,  nitrile  rubber,  neoprene,  and  natural 
rubber  as  O-rings.  These  materials  were  subjected  to  nuclear-radiation  exposure  and 
to  vacuum.  Data  are  given  in  Tables  A-28  through  A-31,  Appendix  A.  Table  A-28 
shows  the  data  for  O-rings  which  were  irradiated  in  vacuum  or  in  air  and  tested  in  air. 
These  were  described  as  being  static  teats.  Tables  A-29  and  A-30  contain  data  for 
materials  irradiated  in  vacuum  and  tested  in  vacuum.  These  were  described  as  being 
dynamic  tests. 

Examination  of  Table  A-28  wiil  snow  that  nitrile  rubber  'fa-ker  Compound  66- 
581)  is  not  seriously  affected  by  radiation  either  in  air  or  vacuum  to  an  exposure  of 
1()9  ergs  g"l  (C).  At  10 10  ergs  g"l  (C),  the  effect  c?  irradiation  is  about  the  same 
—  whether  or  not  air  is  present.  When  tensile  strength  was  determined  in  a  vacuum 
(dynamic  tests,  Table  A-29),  it  appeared  somewhat  lower  than  when  tested  in  air 
(static  tests).  Weight  loss  was  approximately  1  per  cent  (Table  A-31). 

Tensile  strength  and  elongation  of  natural  rubber  O-rings  changed  considerably 
when  irradiated  in  vacuum  to  9  x  109  ergs  g-1  (C).  However,  up  to  5  x  109  ergs  g-1 
(C),  there  was  little  difference  between  irradiation  in  air  and  in  vacuum.  No  significant 
change  in  weight  occurred. 
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Irradiation  to  an  exposure  of  10^  ergs  g~l  (C)  had  practically  no  effect  on  neo¬ 
prene  either  in  air  or  in  vacuum.  Dynamic  ce«  .a  (tests  in  vacuum)  showed  little  differ¬ 
ence  from  the  teets  in  air  (see  Tables  A-28  and  A.-29). 

Radiation  effects  on  Viton-B  appeared  to  be  similar  whether  irradiated  in  air  or 
in  vacuum.  Elongation  decreased  considerably  after  10^  ergs  g“  *  (C)  (compare 

Tables  A-28  and  A-30).. 

A  nitrile  rubber  containing  an  antirad  (PRP  737-70)  showed  better  tensile  strength 
when  irradiated  in  air  than  in  vacuum.  After  10^  ergs  g~l  (C),  elongation  decreased 
considerably  in  air.  No  comparable  data  for  vacuum  were  given. 

All  of  these  materials  except  Viton-B  showed  good  stability  to  radiation  both  in  air 
and  in  vacuum  to  about  10^  ergs  g“  ^  (C),  but  above  that  exposure,  changes  in  physical 
properties  were  large.  Viton-B  showed  considerable  change  at  10^  ergs  g-1  (C).  At 
the  highest  exposures,  natural  and  nitrile  rubber  appeared  to  be  damaged  more  by  ex¬ 
posure  to  gamma  radiation  in  vacuum  than  exposure  in  air.  Neoprene  and  Viton-B  were 
not  tested  to  sufficiently  high  radiation  levels  in  vacuum  to  determine  the  effect  of 
vacuum  on  gamma- radiation  damage. 

Wahl  and  Robinson^)  exposed  several  elastomeric  teals  to  a  gamma  exposure  of 
5  x  10^  ergs  g-1  (C)  in  a  vacuum  (2  x  10”^  torr  at  beginning  of  exposure  and  9  x  10”^ 
torr  at  end  of  exposure)  and  measured  weight  and  Durometer  hardness  changes.  Sam¬ 
ples  remained  in  vacuum  condition  for  1  «•  cek  following  the  radiation  expo;  u  <  before 
they  were  tested.  No  gross  physical  property  changes  of  the  seals  were  o.)  arved.  Data 
arc  g  .■  ;?  Table  A-32. 

Gray- ^  determined  the  effect  of  radiation  and  vacuum  exposure  on  the  compressive 
an  -  tensile  rength  of  Fluorobesios,  a  mixture  of  Teflon  ar.d  random  asbestos  fibers. 
The  results  o.  these  tests,  shown  in  Table  A-33,  indicate  that  the  material  would  still 
remain  useful  as  a  gasket  material  ^fter  radiation  exposure  of  10^  ergs  g-1  (C)  in 
vacuum. 

Gray,  et  al. ,(®)  investigated  the  performance  of  seals  and  gaskets  to  determine 
both  design  and  material  limitations,  particularly  those  for  unlubricated  vacuum  ser¬ 
vice.  The  studies  consisted  of  performance  tests  and  the  determination  of  leak  rates  in 
static  and  dynamic  operations.  Tests  included  both  rotational  and  reciprocating  motion. 
Leakage  rates  were  measured  by  means  of  a  helium  leak  detector  connected  to  the  in¬ 
terior  of  the  seal  test  container.  The  vacuum  level  was  maintained  below  10"^  torr  ex¬ 
cept  in  case?  of  seals  for  which  leakage  rates  were  too  high  *  ■>  maintain  the  vacuur.. 

All  seals  were  dusted  with  molybdenum  dis  ’Uide  before  installation.  Elastomers 
examined  for  use  as  seals  in  reciprocating  engines  included  neoprene,  silicone,  Viton- 
A,  nitrile  (Buna  N),  and  Butyl  rubbers.  Also  tested  were  Kel-F,  polyethylene,  and 
polyvinyl  chloride.  Materials  tested  for  rotating  seals  were  silicone  rubber,  Viton-A, 
Kel-F  elastomer,  Teflon,  and  Kel-F,  Leakage  rates  and  pertinent  comments  on  wear 
and  abrasion  effects  are  shown  in  Table  A-34  in  Appendix  A. 

Polyethylene  and  silicone  rubber  were  the  most  effective  seals  for  reciprocating 
service.  Leak  rates  were  very  low,  5  x  10"5  standard  cubic  centimeters  of  helium  gas, 
after  test  durations  of  30  minutes.  It  was  found  that  a  dry  lubricant  such  as  molybdenum 


disulfide  improved  performance.  Silicone  rubber  and  Viton-A  proved  to  be  good  mate¬ 
rials  for  rotational  motion.  Again,  small  amounts  of  dry  lubricantB  were  beneficial. 

Seal  positioning  and  loading  were  found  to  be  critical,  and  have  to  be  carefully  designed. 

Teflon  was  particularly  ineffective  because  of  ita  relatively  rigid,  inflexible  orop- 
ertics.  The  material  wore  rapidly  since  it  was  not  ns  porous  as  the  elastomers  and 
would  not  accept  a  surface  coating  o:‘  lubricant  gi.-.h  as  molybdenum  disulfide  to  reduce  _  . 
friction  and  wear.  Gray  points  out  that  self-lubricating  properties  of  a  material  ap¬ 
parently  do  not  increase  its  life  when  operated  as  a  dynamic  vacuum  seal. 

Abrasion  and  tearing  were  major  problems.  Many  of  the  seals  were  turned  and 
split  after  a  few  minutes'  operation,  Viton-A  was  an  examplo  of  this  mode  of  failure. 

Static  seal  tests  were  conducted  on  the  same  elastomers  used  for  the  dynamic 
tests.  Seals  were  loaded  to  obtain  the  deflections  and  contact  pressures  .-ecommended 
by  the  manufacturers.  Leak  rates  were  measured  before  and  after  operation.  Data  are 
given  in  Table  A-34.  Some  seals  such  as  silicone  rubber  exhibited  a  reduced  leak  rate 
for  static  sealing  after  being  subjected  to  dynamic  operation. 

Polyethylene  and  polyvinyl  chloride  (Vinylite)  in  an  O-ring  configuration  were  very 
effective  in  static  applications.  These  materials  as  well  as  the  remainder  of  the  elas¬ 
tomers  tested  were  not  ,preciably  affected  by  a  2-week  vacuum  exposure  at  1  x  10"7 
torr. 

In  another  study  of  sealants  for  space  environment,  Farkass  and  Barry(u) 
scree. -if  ’  »  elastomer  materials  for  use  as  O-ring-type  door  seals.  Thi'ue  were 

studied  from  tne  standpoint  of  outgassing  and  leakage  rates  in  a  high  vacuum  environ¬ 
ment  Again,  a  radiation  environment  was  not  considered  in  these  studies.  Butyl 
rubb.r,  Viton-A,  neoprene,  and  Buna-N  were  roughly  comparable  in  combined  gas  load 
(leakage  plus  ovtgassing)  during  the  screening  tests,  with  preference  in  the  order 
named.  Natural  rubber  was  eliminated  because  of  excessive  physical  damage,  and 
Teflon  was  rejected  because  of  permanent  deformation.  Silicone  O-rings  were  sub¬ 
stantially  poorer  in  combined  leakage  and  outgassing,  although  the  outgassing  studies 
rated  the  silicones  as  lowest  in  actual  outgr.ssing  with  Butyl,  Viton-A,  and  neoprene  in 
descending  order  of  merit.  The  degree  of  compression  of  the  O-rings  was  found  to  be 
an  important  factor  and  the  effect  of  compression  was  approximately  the  sanv*  for  all 
the  materials  tested. 

The  effect  of  temperature  was  explored  in  the  range  from  25  C  to  100  C.  Helium 
leak  rate  increased,  at  first,  with  increase  in  temperature  foi  the  elastomers 
studied.  However,  different  elastomers  reacted  differently  to  long  exposure  at  100  C. 
The  leak  rate  of  the  silicones  ultimately  decreased  hy  a  hundredfold,  but  the  deforma¬ 
tion  made  it  impossible  to  re-use  the  O-ring.  Butyl  rubber  is  not  deformed  by  pro¬ 
longed  heating  and  the  leak  rate  remains  at  the  level  initially  reached.  Neoprene  and 
Viton-A  performed  in  a  manner  intermediate  to  these  two  extremes. 

Tables  20,  21,  and  22  show  the  air  leak  rater  of  the  better  elastomers  at  20  C  and 
at  100  C,  as  well  as  the  permeability  and  effect  of  loading  on  the  air  leakage  rites. 
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TABLE  20.  AIR  LEAK  RATE  O'  ELASTOMER  COMPOUNDS*4-1)*1) 


Leak  Raie  std  cc  air/ 
inch/ year 


Comtsound 

-DC 

Silicone  (Compound  76-128) 

2.2 

3.6 

Silicone  (Compound  77-018) 

2.1 

3.6 

Neoprene 

0.03 

0.29 

Viton-A 

0.022 

0.44 

Butyl 

<0. 001 

0.37 

(a)  Elastomer  was  loaded  by  four  clamps  with  40  foot-pounds 
torque  on  each  clamp  in  addition  to  atmospheric  pressure,. 


TABU  21.  COMPARISON  OF  REAL  AIR  LEAK  RATES  OF  ELASTOMERS  AS  MEASURED  EXPERIMENTALLY  AND  AS  CALCULATED 
FROM  PERMEABILITY  VALUE*42) 


Material 

Permeability**), 

Calculated 

t  ,  erimenu^) 

Viton-A 

8.8  x  10"8 

0.36 

0.44 

Neoprer* 

7.0  x  10" 8 

0.29 

0.29 

Silicone  ((  . n pound  6-123) 

450  x  10"8 

18.40 

3.60 

Silicone  Compound  ’7-Olb) 

Ditto 

Butyl 

3.2  x  10*8 

0.13 

0.37 

(a)  Obtained  from  WAJC  Technical  Report  56-331,  Reference!  20-23,  cm2  refen  to  thickness  of  material. 

(b)  The  clamp  torque  was  approximately  40  foot-pound*  during  these  measurements* 

TABU  22.  RELATION  OF  AIR  LEAK  RA'.T 

OF  GASKET  MATERIAL  TO  LOADING*42) 

Air  Leak  Rate, 

std  cc  air/inch/vear 

Torque  on  Clamps,  fr-lb  Neoprene 

Silicone 

Viton-A 

0  (atmospheric  pressure)  1.28 

10.0 

<0.001 

1.1 

10  0.22 

4.0 

<0.001 

0.2 

20  0.09 

2.8 

<0.001 

C.08 

30  0.03 

2.4 

<0.001 

0.04 

40  (normal  operating  torque)  0. 03 

",2 

<0,001 

0,022 

60  0, 03 

*\2 

<0.001 

0.02 

80  0.03 

2.0 

<0. 001 

0.02 

100  0.018 

1.8 

<0,001 

0.01 

150  0.002 

1.4 

<0,001 

0.01 

(a)  It  should  be  pointed  out  that,  in  the  case  of  a  pressurized  container  subjected  to  space  environment,  the  atmospheric  pressure 
would  not  ordinarily  be  acting  to  compress  the  rubber  sealant  material.  Therefore,  the  conclusion  that  an  adequate  seal  can 
be  constructed  employing  the  action  of  atmospheric  pressure  on  a  flanged  door  using  a  Butyl  O-ring  gasket  should  not  be  too 
hastily  drawn  from  these  figures. 


54 


Thermal  Insulation  (Foamed  Materials) 

Polytireth?  ,ie  foamed  materials  appeared  stable  when  irradiated  to  5  x  10®  to  1  x 
1°9  ergs  g-1  (C)  in  air  and  in  vacuum.  At  cryogenic  temperatures,  the  approximate 
threshold  point  for  compressive  resistance  was  an  exn<"»ure  of  about  5  x  109  ergs  g"l 
(C).  The  radiation  threshold  at  cryogenic  temperature*!  for  a  polystyrene  thermal  insu¬ 
lation  was  about  5  x  109  ergs  g“l  (C). 

Two  polyurethane  foamed  materials  manufactured  by  Chemical  Plastics  Research 
Company  were  irradiated  in  vacuum  at  General  Dynamics  and  tested  for  compression 
strength  at  25  per  cent  deflection  in  air  and  in  vacuum.  (?)  After  a  radiation  exposure  of 
109  ergs  g-1  (C),  compression  strength  of  CPR-20  did  not  change  when  tested  in  air 
(100  psi  to  99  psi).  When  tested  in  vacuum  to  a  radiation  exposure  of  5  x  10®  ergs  g"* 
(C),  compression  strength  for  25  per  cent  deflection  increased  to  124.  5  psi.  With  the 
second  material,  CPR-1021-2,  compression  strength  at  25  per  cent  deflection  again  did 
not  change  significantly  when  tested  in  air  after  being  irradiated  in  vacuum  to  5  x  10® 
ergs  g~l  (C)  gamma  exposure.  Values  were  33  psi  and  29,0  psi  before  and  after  irra¬ 
diation,  respectively.  When  tested  in  vacuum,  after  the  same  radiation  exposure,  com¬ 
pression  strength  increased  to  49.4  psi. 

Stayfoam  AA  402,  also  a  polyurethane  thermal  insulation  material  was  irradiated 
at  cryogenic  temperatures.  (43)  There  appeared  to  be  an  approximate  threshold  point 
for  compressive  resistance  of  this  material  at  an  exposure  of  about  5  x  109  ere s  <t~  1  (C). 

Styrofoam  22,  a  polystyrene  thermal  insulation,  showed  a  radiation  th  ■ .  ^  hold  of 
2  to  5  *  .  .  v!  js  g'l  (C)  at  cryogenic  temperatures. 


ELASTOMERS 


Radiation  uata  relative  :o  elastomeric  material*  since  the  publication  of  RE1C 
Report  No.  21  have  resulted  primarily  from  radiation  studies  of  end  items  and  compo¬ 
nents  of  operational  equipme*  t.  Efforts  to  develoo  new  and  improved  materials  tiave 
met  with  only  limited  success,  and,  as  a  result,  these  studies  have  been  cut  back.  Data 
on  the  effect  of  extreme  temperatures  and  of  va.  rum  with  radiation  are  included  in  this 
r-'port.  Many  of  the  data  ha\  e  been  presenteu  in  the  discussion  of  various  components, 
but  information  of  general  significance  is  included  under  the  several  types  of  elastomers. 
For  information  on  those  elastomers  for  which  no  additional  pertinent  data  have  been 
received,  the  reader  is  refe  -red  to  RE1C  Report  No.  21,  September  1,  1961. 

Elastomers  are  among  the  most  sensitive  to  environment  of  any  of  the  materials 
considered  for  equipment  to  oe  used  in  spat  e.  W)  Vulcanizates  containing  plasticizers, 
oils,  and  other  compounding  ingredients  are  more  apt  to  be  affected  adversely  by  space 
environments  than  are  polyners  without  these  additives.  However,  for  applications 
such  as  seals  or  gaskets,  thore  are  few  other  materials  which  may  be  used  satisfac¬ 
torily.  As  a  result,  work  is  continuing  in  such  areas  to  develop  satisfactory  seal 
materials. 


Polyacrylic  Rubber 


-a  iation  stability  of  acrylic  rubbers  is  slightly  inferior  to  those  <  E  nitrile 
and  r  oprene  rubbers.  An  exposure  of  10°  ergs  g"*(C)  will  effect  an  over-aU  change  in 
pli>  cal  pro,  Tties  of  25  per  cent. 

Hycar  4.21  exposed  to  430  F  for  5  days  in  vacuum  retained  appreciable  strength, 
although  elongation  decreased  considerably. 

No  additional  radiation-effects  data  were  received  since  iscuance  of  RE1C  Report 
No.  21.  However,  some  information  on  the  effect  of  vacuum  was  noted.  Hycar  4021 
exposed  to  400  F  for  5  days  in  /acuum  retained  appreciable  strength,  although  elonga¬ 
tion  decreased  considerably,  Compound  formulations  and  values  of  the  properties 
tested  are  given  in  Tables  B- 1  and  B-2  in  Appendix  B.  These  data  arc  inclt  ded  to  help 
in  design  of  parts  for  r.pace,  since,  in  general,  radiation  deterioration  in  air  is  greater 
than  that  in  vacuum. 


Butyl  Rubber 


Butyl  rubber  has  probably  the  least  radiation  stability  of  any  of  the  common 
synthetic  rubbers.  Twenty-five  per  cent  damage  is  reached  for  tensile  strength  and 
elongation  at  about  10^  args  g"*(C). 

Ultraviolet  radiation  In  vacuum  caused  an  Increase  in  tensile  strength  of  about  10 
to  15  per  cent.  Elongation  decreased  10  to  25  per  cant. 

No  additional  data  on  effects  of  radiation  on  butyl  .ubbar  were  received.  Data  on 
the  effects  of  vacuum  ar.d  temperature  are  given  below.  DeWittW  found  Butyl  rubbers 
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K-121  and  K-1330  increased  in  hardness,  decreased  in  elongation,  and  only  slightly 
changed  (7  per  cent)  in  tensile  strength  when  exposed  to  vacuum  (10“^  to  10-5  torr)  and 
elevated  temperature  (250  to  300  F). 

Snyder^^  exposed  Butyl  rubber  to  ultraviolet  in  vacuum  (1  x  10"^  torr)  for  24, 
96,  aid  312  hours.  In  each  case,  tensile  strength  increased  irom  ..bout  10  to  15  per 
.  -  -cent.  Elongation  decreased  from  10  to  25  per  cei  l.  Data  are  given  in  Table  B-3. 


Chlorobutyl,  Chlorobutyl-Chloroprene  Blends 


An  attempt  was  made  to  achieve  a  balanced  radiation  resistance  by  maintaining  a 
balanced  crosslinking/ scission  reaction.  These  chlorobutyl-chloroprene  blends  were  a 
step  in  this  direction,  but  did  not  produce  the  needed  improvement. 

Chlorobutyl  elastomer  has,  because  of  its  chlorination,  additional  crosslinking 
sites.  It  was  felt  that  gamma  radiation  could  cause  crosslinking  at  these  sites  and 
counteract  the  chain/ scission  reactions  of  regular  Butyl  compounds,  k'or  this  study 
Heitz  and  coworkers(47)  selected  polychloroprene  as  the  blending  elastomer  because  of 
its  widespread  use  as  a  seal  material.  Results  are  given  in  Tables  B-4  through  B-7  in 
Appendix  B. 

After  an  initial  stiffening  period,  the  scission  reaction  became  predom  ,mnt  in  the 
chlorehv*vl  compound  (suggesting  a  threshold  exposure  of  about  10^  ergs  g" *(0)  for  scis¬ 
sion  similar  U  the  one  for  crosslinking  in  other  polymers).  The  scission  effect  seemed 
to  be  tore  predominant  in  air  than  in  vacuum.  The  specimen  surfaces  decomposed  to  a 
stick  'tacky  cv edition.  Combined  radiation  prevented  the  formation  of  this  tacky  sur¬ 
face,  but  that  th  s  was  purely  a  surface  condition  was  indicated  by  a  study  of  the  other 
physical  properties. 

Increasing  the  polychloroprene  content  of  the  blends  increased  the  tendency  for 
crosslinking  as  indicated  particularly  by  modulus  changes  and  the  lack  of  surface  decom¬ 
position  except  in  spots  on  the  clamped  ends,  and  the  compound  (158-62)  containing  75 
parts  chloroprene  to  25  parts  chlorobutyl  exhibited  no  surface  decomposition  a  ill. 

The  heat  encountered,  couplod  with  the  ultraviolet  radiation,  makes  the  discussion 
of  combined  radiation  difficult,  but  it  was  felt  that  blending  compounds  might  be  a  good 
way  to  achieve  a  balanced  radiation  resistance,  by  maintaining  a  balanced  crosalinkir^/ 
scission  reaction  without  adversely  affecting  the  vacuum  stability. 


Chlorosulfonated  Polyethylene  (Hypalon) 


Hypalon  30  showed  good  stress-strain  properties  up  to  a  radiation  exposure  cf  3.  1 
x  10^  ergs  g"  *(C). 

The  addition  of  3.  3  parts  hydroauinone  improved  the  radiation  resistance  of  a  base 
compound.  Also,  aromatic  plasticizers  such  as  Kenflex  A  improve  stability. 

In  general,  the  effect  of  gamma  radiation  in  vacuum  is  more  severe  than  that  of 
radiation  in  sir. 
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Hypalon  30  as  tested  by  Wattier,  Newell,  and  Morgan^4®)  showed  good  stress- 
strain  properties  up  to  an  exposure  of  3.  1  x  109  ergs  g-HC)*  after  which  all  properties 
tested  except  ultimate  str-  igth  underwent  considerable  change.  Data  are  given  m 
Table  23. 


•ABLE  23.  ENGINEERING  PROPERTIES' 
VERSUS  RADIATION'4”' 


;(a) 


OF  Hi  P-rt LON  30  ELASTOMER 


Integrated  Neutron 
Flux  (N),  n  cm"2 
(E  >0.  33  Mev)<b> 
Gamma 
Exposure  (G) 
ergs  g-l(C)(b> 

Modulus  at 
100% 

Eloi  gation, 
psi 

Ultimate 

Strength, 

psi 

Ultimate 
Elongation , 
% 

Compression 
Set,  % 

Slope  of 
Load  — 
Deflection 
Curve , 
lb/  in. 

Control 

1184/8.7/5 

2769/3.  4/5 

212/8. 1/5 

32.7/7.3/3 

2947/2.4/3 

N  2.  3x  1013 

G  5.  1  x  107 

1392/5.4/5 

2945/2.  8/4 

208/4.  7/4 

N  1.4*  10*4 

G  1.8  x  10® 

35.2/4.4/3 

3293/3.  6/3 

N  8  x  1014 

G  8  x  10® 

45.2/3.7/4 

36-  J.  8/4 

N  1.  2  x  .0J5 

G  3.  1  -  109 

1610/3.2/4 

2688/7.  3/4 

175/  14 

N  5.  5  to  7.0  x  10;5 
G  1.  1  to  1.4  x  1010 

4864/8.  8/5 

88/12  /5 

83.2/6.  3/2 

7680/3. 7/2 

(a)  Data  an  given  aix/S.D./n,  where  x"  average  value,  S.D.  »  itandard  deviation  of  an  individual  ohaatvatlon  eatimated 
from  the  range,  and  n«  number  of  ipecimem  wed  in  calculati  VS  and  S.D. 

(b)  Ambient  radiation  1  mperature;  ten  temperature  80  F, 


The  effects  of  filler  level,  antirad,  and  curing  time  on  the  radiation  resistance  of 
chlorosulfonatec1  txilyethylenes  were  examined  by  Heit*.  Addition  of  3.  3  parts 
hydroquinone  ( X 3  -62)  improved  radiation  resistance  of  the  base  compound  (130-62). 
Decreased  cure  t  me  of  this  formulation  produced  a  compound  62)  with  a  lower 
radiation  resistance  rating  (i.e. ,  greater  property  changes)  than  the  control  compound. 
(Sec  Appendix  B,  Tables  B-8  through  B-13.)  Increasing  the  carbon  black  content  (132-62) 
lowered  the  rating,  but  a  test  of  this  compound  after  addition  of  an  antirad  (138-62) 
indicated  an  improvement. 

It  was  noted  the  antirad  compound  cured  for  120  minutes  and  the  compounds  with 
the  higher  level  of  carbon  black  showed  an  initial  decrease  in  modulus,  indicating  a 
possible  threshold  exposure  for  crosslinking  tc  become  predominant.  This  "threshold" 
effect  was  masked  by  further  curing  of  the  material,  It’  any  event,  crosslinking  was 
increased  as  the  exposure  time  was  increased. 


In  general,  the  effect  of  straight  gamma  radiation  in  vacuum  was  more  severe  than 
that  of  radiation  in  air.  The  changes  produced  by  the  addition  of  ultraviolet  radiation 
werj  mixed  insofar  as  physical-property  changes  were  concerned.  The  specimen 
showed  a  marked  increase  in  weight  gain  during  air  irradiation  as  opposed  to  vacuum 
it.adiation,  indicating  a  strong  oxidation  reaction.  The  mixed  radiation  increased  the 
weight  gain  in  the  vacuum  condition  and  decreased  the  gains  in  air. 

-  —  It  must  be  noted  that  it  was  impossible  to  separate  the  effects  of  heat  aging  from 
the  desired  effects  of  the  ultraviolet  radiation,  and  the  evaluation  of  the  mixed  gamma- 
ultraviolet  radiation  effects  is  colored  by  this  fact. 


Fluorocarbon  Rubbers 


Viton-A  reaches  threshold  damage  in  air  at  a  gamma  exposure  of  5  x  108  ergs 
g"*{C),  and  25  per  cent  damage  at  6  x  10^  ergs  g"^(C>.  This  rubber  possesses  poor 
radiation  stability  when  irradiated  in  air  at  temperatures  higher  than  about  250  F.  How¬ 
ever,  it  can  be  used  at  400  F  when  irradiated  to  an  exposure  of  10^  erjts  )  in  jet 

turbine  oil. 


In  vacuum  there  was  no  significant  change  in  tensile  strength  at  an  exposure  of 
1010  ergs  g-I(C)  at  room  temperature. 

Vi:on-B  irradiated  in  bis-phenoxy-phenyl  ether  at  400  F  at  an  exposure  i  10*0 
ergs  g"  -  «4'  wed  excellent  retention  of  tensile  strength  but  a  decrease  of  1-.  per  cent 

in  cion'  ition. 

<ei~F  :s  ,  'imaged  by  25  per  cent  at  5  x  10®  ergs  g_1(C)  in  air.  It  is  stable  in 
silicate  ester  fluids  at  room  temperature  to  10*0  ergs  g”J(C). 

Fluorcb utyl  acrylate  elastomer  increases  i  >out  40  per  cent  in  tensile  strength  and 
20  per  cent  in  hardness  but  decreases  in  elongation  by  70  per  cent  when  irradiated  in  air 
to  an  exposure  of  101®  ergs  g"1(C). 


According  to  Kerlin^)  there  were  wide  variations  in  physical  properties  of  control 
samples  of  Viton-A.  However,  it  would  appear  that,  at  gamma  exposures  of  i.6  x  1 0 1 0 
ergs  g-^C)  in  vacuum,  there  was  no  significant  change  in  tensile  strength.  On  the 
other  hand,  when  Viton-A  was  irradiated  in  air,  there  was  an  increase  in  tensile  strength 
of  39  per  cent.  Vacuum  did  not  ippear  to  make  a  difference  in  II  <•  change  in  elongation 
due  to  radiation  exposure.  Weight  loss  was  1.  2  per  cent  with  a  vacuum-nuclear  radia¬ 
tion  exposure  of  1.  6  x  10*®  erps  g-l(C).  DeWitt,  et  il.  found  that  a  vacuum  of  5.  5 
x  1 0-4  torr  and  a  temperature  of  400  F  for  6-1/2  hours  caused  only  a  slight  decrease  in 
tensile  strength  and  elongation  of  Viton-A  and  practically  no  change  in  hardness.  (See 
Tables  B-14  and  B-15,  Appendix  B,  ) 

Podlaseck  and  SuhorskyH)  measured  the  change  in  permeability  of  Viton-A  after 
exposures  to  vaevam  and  ultraviolet  for  periods  of  up  to  2  weeks.  The  results  (Fig¬ 
ure  B-l)  showed  that  there  were  no  significant,  changes.  Equilibrium  weight  loss  at 
177  C  for  Viton-A  was  given  by  Podlaseck  as  20  grams/eq  cm/ sec  x  10*®  for  a  pressure 
of  10"5  torr. 
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Oseefort  and  RubyH5)  found  that  a  Yiton-B  vulcanizate  showed  better  properties 
when  subjected  to  600  F  in  vacuum  for  5  d.  ys  than  when  exposed  to  the  same  tempera¬ 
ture  in  air.  However,  tensile  strength  had  decreastd  from  2610  psi  to  620  psi.  At 
5‘0  F,  tensile  strength  had  decreased  only  to  2140  psi.  Data  are  given  in  Table  3-16. 

Heitz  and  coworkerst'*7*  studied  the  efieit  of  the  amount  and  type  of  filler  with 
Vitor.-A.  They  found  that  increasing  the  amount  >f  carbon  black  increased  the  amount 
of  change  induced  in  the  physical  properties  by  exposure  to  irradiation.  The  compound 
containing  GPF  (152-62)  rated  slightly  lower  than  the  compound  containing  MT  black 
(151-62),  but  the  pattern  of  difference  was  not  consistent  between  them. 

Examination  of  the  data  in  Tables  B-17  through  B-20  shows  that  crosslinking,  as 
evidenced  by  increases  in  modulus  and  hardness  and  decreases  in  ultimate  elongation, 
started  immediately  and  continued  increasing  as  the  exposure  time  increased. 

'  'tdiation  in  air  produced  greater  changes  than  radiation  in  vacuum  for  all  com¬ 
pounds.  At  low  carbon  black  levels,  the  combined  gamma-ultraviolet  radiation  produced 
greater  changes  than  did  straight  gamma  radiation,  but  the  situation  was  reversed  for 
the  higher-carbon-black-content  compounds. 

The  heat  effects  present  in  the  combined  gamma-ultraviolet  radiation  conditions 
sgai'  made  evaluation  of  the  effects  of  ultraviolet  irradiation  difficult.  However,  the 
heat  resistance  of  the  fluoroelastomers  provided  some  help  in  separating  the  heat  and 
ultraviolet  effects,  by  minimizing  the  effects  of  heat  on  the  elastomers. 


Nitrile  Rubber 


Further  work  is  needed  to  confirm  reported  results  on  the  effect  of  radiation  in 
vacuum  because  of  conflicting  data.  For  example,  nitrile  rubber  appears  to  be  less 
radiation  stable  in  vacuum  than  in  air.  In  air  at  10^°  ergs  g* 1(C)  exposure,  tensile 
strength  increased  from  2459  psi  to  3512  psi.  In  vacuum,  tensile  strength  at  109  ergs 
g'l(C)  decreased  from  2630  psi  to  203  psi. 

On  the  other  hand,  some  nitrile  rubber  O-rings  were  not  seriously  affe  ;ted  by 
radiation  either  in  air  or  in  vacuum  to  an  exposure  of  10^  ergs  g~l(C),  At  K10  ergo 
g_1(C),  the  effect  of  radiation  waa  about  the  same  whether  or  not  air  was  present. 

When  tensile  strength  waa  determined  in  a  vacuum  after  irradiation,  it  appeared  some¬ 
what  lower  thtui  when  tested  in  air  after  being  irradiated  in  &  vi  ”_rn. 


Additional  work  on  nitrile  rubber  has  included  studies  of  the  effects  of  vacuum, 
and  nuclear  radiation  and  vacuum,  and  some  additional  work  on  the  effects  of  ar.tirads. 
The  latter  is  discui  ;ed  in  the  section  on  antirads. 


BonanniH9)  irradiated  Buna  N  rubber  to  an  exposure  of  7.  9  x  10^  ergs  g-1(C)  in 
air,  in  a  closed  atmosphere,  and  in  vacuum  (5  x  10*5  tori).  The  per  cent  change  in 
weight  waa  negligible  in  each  case.  In  an  ampule  containing  approximately  7  cubic 
centimeters  of  air  sealed  under  atmospheric  condition*,  the  degradation  of  Buna  N  aa  a 
result  of  gamma  irradiation  was  more  severe  than  that  in  an  open  atmospheric  condi¬ 
tion.  The  aveiage  tensile  strength  was  lower  at  an  exposure  of  7.2  x  10®  erga  g"l(C), 
and  at  7,  9  x  10^  ergs  g_1(C)  tensile  strength  was  about  two-thirds  that  of  the  samples 


exposed  to  gamma  irradiation  in  an  open  atmosphere.  In  a  vacuum,  Buna  N  lost  mere 
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than  50  per  cent  of  its  tensile  strength  after  exposure  to  7.  9  x  109  ergc  g_*(C).  The  per 
cent  elongation  followed  a  straight-line  degradation,  but  with  a  lower  per  cent  elongation 
value  in  vacuum  than  in  air.  The  value  in  a  closed  atmosphere  was  again  intermediate. 
Thus,  nitrile  rubber  appeared  to  be  less  satisfactory  when  irradiated  in  a  vacuum  than 
wh>..i  irradiated  in  air.  Data  are  shown  m  Figures  12  and  13. 

Kerlin(k)  found  that  air  produced  a  harder  a  .d  more  brittle  material  with  Buna  N 
(RA  30760),  while  vacuum  irradiation  produced  a  weak,  tacky,  ductile  material.  After 
exposure  to  10*®  ergs  g“*(C)  in  air,  tensile  strength  increased  from  2459  psi  to  3512 
psi,  while  after  exposure  to  109  ergs  g"*(C)  in  vacuum,  tensile  strength  decreased  from 
2630  psi  to  203  psi.  Data  are  shown  in  Tables  B-21  and  B-22  in  Appendix  B.  No  weight 
loss  occurred  at  a  vacuum-gamma  radiation  dose  of  7  x  109  ergs  g"*(C).  {See  also  dis¬ 
cussion  on  nitrile  rubber  under  seals,  O- rings,  and  gaskets. ) 

DeWitt,  et  al.  ,l9)  studied  the  effect  of  vacuum  (1.  2  x  10*3  torr)  and  temperature 
(300  F)  on  several  nitrile  elastomers.  He  found  that  vacuum  exposure  increased  hard¬ 
ness  and  decreased  elongation.;  but  that  tensile  data  were  widely  scattered  and  incon¬ 
clusive. 

Ossefort  and  Ruby(45)  exposed  plasticized  and  unplasticized  nitrile  rubber  com¬ 
pounds  to  vacuum  and  elevated  temperatures.  Properties  were  not  seriously  affected 
after  5  days'  exposure  at  300  F  in  vacuum.  Data  are  given  in  Table  B-23, 


Polychloroprcne  (Neoprene) 


Tensile  -ength  of  neoprene  varies  depending  on  the  type  of  polymer,  cure,  and 
additives,  but  ir  general,  tensile  strength  decreases  to  a  radiation  exposure  of  4,  3  to 
8.  7  x  109  ergs  g-*(C)  and  then  increases  with  increasing  radiation.  Twei  ty-five  per 
cent  cha.ige  occurs  at  about  109  to  5  x  109  ergs  g”*(C).  Elongation  decreases  with  in¬ 
creased  radiation  exposure;  while  hardness  does  not  change  to  an  absorbed  radiation  of 
4.  5  x  109  ergs  g_1(C). 

Reports  on  the  effect  of  vacuum  and  radiation  on  neoprene  are  conflicting.  Some 
tests  have  shown  improvement  in  properties  in  vacuum  and  others  have  showr  less  radia¬ 
tion  resistance  in  vacuum  for  neoprene.  No  doubt,  the  type  of  neoprene,  the  filler,, 
compounding  materials,  and  cure  affect  the  stability  of  the  rubber  in  vacuum. 

Data  obtained  on  the  effects  of  radiation  on  neoprene  rubber  in  vacuum  as  com¬ 
pared  with  radiation  in  air  are  conflicting.  Kerlin>°)  irradiated  a  neoprene  rubber 
(type  not  specified)  in  vacuum  and  in  air  and  the  dat:i  show  the  rubber  to  be  very  sensi¬ 
tive  to  vacuum-gamma  radiation.  At  an  exposure  of  approximately  1.9  x  109  ergs 
g~*(C),  tensile  strength  for  the  vacuum-irradiated  samples  decreased  from  3134  psi  to 
191  psi;  in  air  the  decrease  was  from  3297  to  2769  psi.  The  decrease  in  elongation  was 
of  the  same  order  of  magnitude  in  both  cases.  Weight  loss  was  not  considered  signifi¬ 
cant.  Data  are  shown  in  Tables  B-24  and  B-25  in  Appendix  B, 

On  the  other  hand,  Bonanni'**9)  irradiated  a  neoprene  rubber  to  7,  9  x  109  ergs 
g“*(C)  and  found  little  difference  between  the  effect  of  radiation  in  vacuum,  in  air,  and 
in  a  sealed  atmospheric  environment.  Data  are  shown  graphically  in  Figures  14  and  15. 
Heitz,  et  al.  found  that  room- temperature  irradiation  in  air  generally  produced 
somewhat  greater  changes  than  room  temperature  irradiation  in  vacuum,  although  the 


VTGTTBF  12.  TENSILE  STRENGTH  VERSUS  GAMMA  EXPOSURE  (Buna  N)*49) 


FIGURE  13.  PER  CENT  ELONGATION  VERSUS  GAMMA  EXPOSURE  (Buna  N)(*9) 


Par  Cant  Elongation 


Comma  Exposure,  rah 


FIGURE  14.  TENSILE  STRENGTH  VERSUS  GAMMA  EXPOSURE  (Neoprene)'491 


A-40MI 


FIGURE  15,  PER  CENT  ELONGATION  VERSUS  GAMMA  EXPOSURE  (Neoprene) 
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differences  were  in  general  not  laree,  There  was  one  exception  in  which  Neoprene 
WRT  having  35  parts  of  SKF  carbon  black  showed  a  much  greater  change  in  tensile 
strength  in  air  than  in  vacuum  (see  Table  24). 

TABLE  24.  EFFECT  OF  GAMMA  RADIATION  AND  VACUUM  ON  NEOPRENE  WRT 
COMPOUNDS  AT  ROOM  TEMPERATURE*47) 


Radiation 

Tensile  Strength,  psi 

Elongation 

,  per  cent 

Exposure , 

Irradiated 

Irradiated 

Irradiated 

Irradiated 

Compound 

Description 

ergs  g_1(C) 

in  Air 

in  Vacuum 

in  Air 

in  Vacuum 

138-62 

35  parts  SRF 

None 

2303 

537 

carbon  black 

3.6  x  109 
:.  3  X  109 

579 

2140 

23 

77 

139-62 

35  parts  SRF 

None 

2149 

516 

carbon  black, 

3.  6  x  109 

1016 

70 

2  % 

hydroquinone 

4.  3  x  109 

U67 

123 

140-62 

35  parts  SRF 

None 

1835 

517 

carbon  black, 

3.  6  x  109 

1063 

93 

5  %  t 

hydroquinone 

4.  3  x  109 

1243 

123 

159-6: 

50  parts  HAF 

None 

2654 

287 

carbon  black; 

3.  6  x  109 

898 

27 

c  red  40  min 
at  193  F 

~ 

m  » 

161-62 

50  parts  HAF 

None 

1651 

437 

carbon  black; 

4.  3  x  109 

2116 

53 

cured  20  min 

4.  3  x  109 

1864 

47 

at  293  F 

The  reasons  for  the  conflicting  data  are  not  known,  but  could  be  due  to  the  types 
of  neoprene  studied,  differences  in  compounding,  and  cure.  No  definite  conclusions  on 
the  relative  effect  of  radiation  in  vacuum  and  radiation  in  air  can  be  made  at  this  time. 

Wattier,  Newell,  and  Morgan*4**)  studied  postirradiation  effects  on  three  neoprene 
elastomers.  They  reported  tensile  datA  for  specimens  irradiated  at  75  F  and  stored  at 
75  F  and  at  -20  F  for  1,4,  11,  and  29  days  before  testing.  Data  are  given  in  Tables  25 
and  26.  Postirradiation  changes  were  noted  in  two  of  the  three  neoprenes.  In  the 
Kirkhill  and  Rubbercraft  neoprenes  (60  mils  thick),  a  postirradiation  decrease  in  tensile 
strength  with  time  occurred  with  room-temperature  storage.  There  were  no  detectable 
postir radiation  effects  in  the  special  O-ring  formulation  of  neoprene  (78  mils  thick)  by 
Parco.  When  neoprene  is  stored  in  an  oxidizing  atmosphere,  postirrs.diation  changes 
probably  will  be  more  noticeable  in  thin  samples  th-n  in  thick  ones  due  to  the  time  for 
diffusion  of  the  oxygen  through  the  rubber. 


TABLE  25.  TENSILE  PROPERTIES^*)  OF  NEOPRENE  RUBBERS  AND  BUNA-N  VERSUS  POSTIRRADIATION  STORAGE  TIME*48) 
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HcitzH?)  studied  the  effect  of  cure,  antirad  (hydroquinone ) ,  and  carbon-black  type 
and  level  on  neoprene.  Addition  of  2.  0  parts  of  the  antirad  (Formulation  139-62,  see 
Tables  B-26  through  B-^l)  decreased  the  radiation  induced  physical  changes  in  air  by 
a'  out  20  per  cent,  and  an  increase  in  the  level  of  5.  0  parts  decreased  the  changes  by 
about  30  per  cent.  However,  changing  from  35  parts  ui  3RF  black  to  50  parts  HAF  black 
(159  -62)  decreased  the  changes  to  a  greater  extent. 

In  general,  the'  reaction  was  predominantly  crosslinking  and  the  crosslinking  in¬ 
creased  markedly  with  increases  in  dosage.  Room- tempe rature  irradiation  in  air  gen¬ 
erally  produced  greater  changes  than  room- temperature  radiation  in  vacuum,  but  the 
situation  was  generally  reversed  in  the  combined  nuclear  radiation-ultraviolet  radiation 
exposures.  The  specimens  seemed  to  gain  weight  during  exposure,  particularly  after 
air  exposure,  and  this  increase  was  even  more  marked  by  the  addition  of  ultraviolet 
irradiation  and  heat. 

Snyder(*6)  exposed  neoprene  to  ultraviolet  racdation  in  vacuum.  Exposure  was  at 
80  and  155  F  for  24,  96,  and  312  hours.  Ultraviole'.  caused  tensile  strength  to  increase 
and  elongation  to  decrease.  Values  are  given  in  Table  B-32. 

Data  have  also  been  reported  for  the  effect  of  vacuum  at  d  elevated  temperatures 
without  exposure  to  radiation.  DeWitt^)  found  that  vacuum  exposure  of  5  x  10“ 4  tori' 
and  a  temperature  of  300  F  for  3  hours  caused  an  increase  in  tensile  strength  and  hard¬ 
ness  and  a  decrease  in  elongation  (see  Table  B-15). 

Ossefort  and  Ruby^^  showed  the  effect  of  exposure  to  elevated  temperatures  and 
vacuum  Drv  are  given  in  Table  B-33.  Both  plasticized  and  unplasticized  materials 
were  -sted.  Samples  were  oven-aged  for  the  same  temperature  exposures  for  compar¬ 
ison  In  gene  -il,  properties  did  not  change  significantly  up  to  212  F.  At  300  F,  and 
5-day  exposure  .  tensile  strength  decreased  by  approximately  25  per  cent.  However, 
properties  had  not  changed  to  such  an  extent  as  to  affect  serviceability  for  most 
applications. 


Sty  re ne-Buto  diene  (SB!  ) 


Styrene-butadiene  rubber  (SBR)  commonly  called  GR-S  resists  radiation  better 
than  most  of  the  common  synthetic  rubbers,  but  if  not  equal  to  natural  rubber  in  radia¬ 
tion  resistance.  Threshold  damage  is  reached  at  2  x  10®  erys  g"*(C),  and  25  per  cei  t 
damage  is  accrued  at  1  x  10^  ergs  g-1(C). 

No  data  on  the  effect  of  radiation  and  vacuum  were  reported.  At  elevated  tempera¬ 
tures,  tensile  strength  is  better  in  vacuum  (no  radiation)  than  in  air. 

Data  on  ladiation  effects  on  SBR  rubber  included  the  effects  of  some  antirads  and 
are  discussed  in  the  section  on  antirads.  Ossefort  and  Ruby(4!>)  examined  the  effect  of 
vacuum  and  elevated  temperature  on  SBR  vulcanizates  with  and  without  an  antiozonant. 
Specimens  with  antiozonant  lost  their  ozone  resistance  after  exposure  to  vacuum  at 
either  room  or  elevated  temperature.  The  antiozonant  no  doubt  sublimed  under  vacuum 
and  so  was  removed  from  the  vulcanizate.  Data  are  given  in  Table  B-34,  Appendix  B. 
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Polysulfides 


Poly  sulfide  rubbers  have  poor  radiation  stability.  An  exposure  of  10®  ergs  g~*(C) 
in  air  is  sufficient  to  damage  Thiokol  ST  seriously.  However,  it  retains  its  elongation 
to  a  greater  extent  tnan  do  most  elastomers.  A*er  an  exposure  of  101®  ergs  g“*(G), 
both  Thiokol  ST  and  FA  retained  considerable  elongation.  Thioko*.  materials  can  be 
used  for  applications  where  flexibility  is  required  without  any  great  strength. 

Differences  in  the  effects  of  radiation  in  air  and  in  vacuum  are  not  marked. 

Heitz ,  et  al.  studied  the  effect  of  gamma  radiation,  vacuum,  and  ultraviolet 

on  polysulfide  elastomers.  These  were  vendor  compounded,  and  the  only  Known  varia¬ 
tion  was  the  type  of  curing  agent.  One  dichromate-cured  compound  (164-62),  one  lead 
peroxide-cured  compound  (156-62),  and  two  manganese  dioxide-cured  compounds  (146- 
62  and  167-62)  were  tested.  Data  are  given  in  Appendix  B,  Tables  B-35  through  B-39. 

The  main  observable  difference  between  the  curing  agents  was  in  the  inferior  heat 
resistance  of  the  lead  peroxide-cured  compound  (155-62)  compared  with  that  of  the  other 
three,  although  all  compounds  were  affected  by  heat. 

The  primary  reaction  when  irradiated  was  chain  scission,  and  this  grew  more 
marked  as  the  exposure  was  increased.  In  the  case  of  the  lead  peroxide  and  manganese 
dioxide  cures,  this  was  indicated  by  decreases  in  modulus  and  hardness.  T'.< 
dichromate  cure,  however,  produced  slight  increases  in  modulus  along  with  slight 
decroa  t  rdness,  indicating  a  possibility  of  a  more  balanced  crosslink  - ,;/ chain 
sciss^n  reaction. 


The  atm  .sphere  effect  (i.  e. ,  radiation  in  air  versus  vacuum)  did  not  appear  to  be 
marked.  Evaluation  of  the  effects  of  ultraviolet  irradiation  was  rendered  impossible  by 
the  heat  which  accompanied  the  radiation  and  the  heat  sensitivity  of  the  compounds. 


Wattler,  Newell,  and  Morgan^*®)  examined  Thiokol  ST  rubber  for  postirradiation 
effects.  There  was  evidence  for  some  recovery  of  tensile  strength.  Materials  tested 
for  1,  3,  10,  and  34  days  after  being  irradiated  to  1. 1  x  10^®  ergs  g"  *(C )  increased  in 
tensile  strength  (see  Table  B-40). 


Polyurethane  Rubber 


Polyurethane  rubber  is  one  of  the  more  radistion-  resist  ant  elastomers.  It  is 
damaged  by  25  per  cent  at  an  exposure  of  about  4  x  10^  ergs  g~*(C).  Hardness  is 
unaffected  even  at  8.  7  x  10*  ^  ergs  g~^(C). 


Irradiation  in  vacuum  has  about  the  same  effect  as  irradiation  in  air.  The  effects 
of  combined  radiation  and  temperature  up  to  260  F  are  approximately  the  same  as  for 
radiation  alone  with  respect  to  tensile  strength.  Elongation  is  greater  at  the  elevated 
temperatures. 

Cure  and  filler  are  important  considerations  in  determining  radiation  stability  of 
polyurethane  rubbers. 
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Polyurethane  r  ibber  is  recognised  as  being  one  of  the  more  radiation- resistant 
elastomers.  Born  and  associates^9*)  found  Estane  VC  cured  with  4  phr  DiCup  (dicumyl 
peroxide)  to  be  the  most  radiation- resistant  compound  tested.  It  required  an  exposure 
of  5.  5  x  109  ergs  g**(C)  to  induce  50  per  cent  net  compression  set.  On  the  other  hand, 
Aiiprene  C,  a  carbon- black- reinfo  reed  sulfur-cu.ed  polyurethane,  showed  poor  radia¬ 
tion  resistance.  Thus  cure  and  filler  are  important  considerations  in  determining 
radiation  stability.  Born  indicated  that  the  type  of  crosslink  appeared  to  play  an  important 
role  in  the  radiation  resistance  of  the  different  p  uyurethanea.  Also,  spatial  arrange- 
m-nts  of  the  polymer  chains,  the  degree  of  aromaticity,  and  the  polymer  main-chain 
composition  were  important  factors  in  the  radiation  resistance  of  the  polyurethane. 


Effects  of  Temperature  and  Radiation 

Wattier,  Newell,  and  Morgan^*1'  irradiated  fifteen  commercial  polyurethane 
elastomers  and  studied  the  effect  of  postirradiation  storage  time  on  some  of  these  and 
the  effect  of  elevated  temperature  on  others.  In  general,  their  findings  substantiated  the 
fact  that  polyurethane  rubbers  are  among  the  most  radiation  resistant  of  the  elastomers. 
Ultimate  tensile  strength  and  elongation  of  all  the  elastomers  decreased  at  the  highest 
radiation  doses.  No  major  postirradiation  effects  are  evident  in  their  data  and  for  most 
of  the  elastomers  a  temperature  of  260  F  did  not  seriously  affect  tensile  strength  of 
either  the  irradiated  or  nonirradiated  samples.  Elongation  was  greater  for  the  samples 
irradiated  at  260  F  than  tor  those  irradiated  at  80  F.  In  both  cases,  the  test  tempera¬ 
ture  was  at  80  F.  A  summary  of  the  polyurethanes  studied  and  the  results  o.  radiation 
are  shown  in  Table  27.  Data  for  the  individual  elastomers  arc  given  in  Tab>;  B-41 
throuj,,!  T>-  V)  'n  Appendix  B. 


leilon  1  R-80T,  a  polyurethane  elastomer  produced  by  Seiberling  Rubber  Co.  ,  was 
irra  lated  el  '  F  and  at  250  F  to  a  gamma  exposure  of  9.  4  x  10***  ergs  g"*(C)  at  the 
lower  temperat  ire  and  8  x  10*®  ergs  g“*(C)  at  tne  higher  temperature.  (* 5)  Preliminary 
observations  indicate  that  this  elastomer  has  excellent  radiation  resistance.  However, 
the  original  hardness  of  the  materials  before  irradiation  was  about  96,  Shore  A,  which 
is  higher  than  is  desirable  for  most  applications.  Data  are  given  in  Table  28. 


A  flexible  polyurethane  foam,  a  blown  polyether  urethane  produced  by  General 
Foam  Co. ,  was  also  irradiated  at  75  F  and  250  F.  Data  are  given  in  Table  29.  It  can 
be  seen  that  at  the  lower  temperature,  compression  sot  at  50  per  cent  do  flee  ion  in¬ 
creased  from  8  per  cent  to  20  per  cent  at  10'  ergs  g”*(C),  to  95  per  cent  at  8.  3  x  109 
ergs  g"*(C),  and  100  per  cent  at  2.  8  x  10*®  ergs  g"*(C).  At  the  highest  dose,  9.4  x  10*® 
ergs  g’MC),  the  material  adhered  to  ti.e  plates.  At  250  F.  ’rrupression  set  oi  the  u  dr- 
radiated  material  was  103  per  cent  and  irradiation  did  not  change  this  value.  However, 
at  an  exposure  of  8  x  10*®  ergs  g”*(C),  shrinkage  rnd  sticking  to  the  plates  again  was 
encountered. 


Effects  of  Radiation  and  Vacuum 

Golden  and  Hazell^®)  determined  the  effect  of  high  energy  radiation  in  air  and  in 
vacuum  on  polyurethane  rubber.  He  found  that  tensile  strength  and  elongation  were 
steadily  reduced  by  electron  radiation.  The  effect  is  more  marked  in  vacuum  than  in 
air.  In  vacuum,  complete  loss  of  strength  of  Vulkollan  Grade  2018/40  (hardness  60  ±  5) 
was  caused  by  an  exposure  of  1010  ergs  g"*(C). 
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TABLE  27.  EFFECT  OF  RADIATION  AND  TEMPERATURE  ON  POLYURETHANE 
ELASTOMERS 


Temperature 


Polyurethane 

r 

J'i 

Irradiation, 

F 

Exposure 
Dosefa), 
«rgs  g-1(C) 

Ttst 

Temperature, 

F 

Tensile 

Strength, 

par 

Elongation 
pe r  cent 

Genthane  S 

75 

None 

75 

2360 

468 

(General  Tire) 

75 

3.  7  x  1010 

75 

386 

63 

3109-B-13 

75 

None 

75 

4745 

434 

(Du  Pont) 

75 

2.  1  x  1010 

75 

3325 

128 

Diaogrin  1-DSA- 

75 

None 

75 

7222 

666 

6865 

75 

2.2  x  1010 

75 

899 

56 

Diaogrin  1-DSA- 

75 

None 

75 

4688 

583 

4250 

75 

2.2  x  10u 

75 

2574 

77 

Adiprene  L  (Da 

80 

None 

80 

5346 

390 

Pont)  12  Phr 

7  x  1010 

80 

1679 

75 

MOCA  Cure: 

260 

None 

80 

5542 

420 

3  hr  at  100  C 

5. 4  x  109 

80 

1513 

299 

Adipr**  ie  L-!  >7 

80 

None 

80 

5949 

328 

18  nr  MO'~  \ 

7  x  1010 

80 

2650 

63 

Ct  e:  1  hr 

260 

None 

80 

6013 

358 

100  c 

5.4  x  109 

80 

3111 

326 

Adiprert  L-167 

80 

None 

80 

1002 

452 

5.  8  Phr  1,4 

7  x  1010 

80 

604 

69 

Butane  dlol 

260 

None  q 

89 

1361 

499 

1  Phr 

5.4  x  to 

80 

575 

465 

Trimethylpropr 

Cure:  4  hr  at 

140  C 

Genthane  S- 1 

80 

None 

80 

5564 

589 

7  x  1010 

80 

906 

26 

260 

None 

80 

5697 

614 

1.9  x  1010 

80  , 

1218 

138 

Genthane  S-2 

80 

None 

80 

2932 

598 

7  x  1010 

80 

692 

25 

260 

None 

80 

3008 

622 

1.9  x  1010 

80 

888 

165 

General  Tire 

80 

None 

80 

4102 

596 

Type  R 

7  x  1010 

80 

890 

29 

260 

None 

80 

4160 

609 

1.9  x  1010 

80 

992 

139 
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TABLE  27.  (Continued) 


Polyurethane 

Temperature 

of 

Irradiation, 

F 

Exposure 
Dosel*), 
ergs  g'^Cj 

Test 

Tempo  oiture , 
F 

Tensile 

Strength, 

psi 

Elongation, 
per  cent 

Disogrin  1-DSA- 

80 

None 

80 

4989 

685 

t>365 

7  x  1010 

80 

830 

36 

260 

None 

80 

4345 

676 

1.9  x  1010 

80 

1260 

278 

Disogrin  1-DSA- 

80 

None 

80 

5254 

718 

7560 

7  x  1010 

80 

850 

35 

260 

None 

80 

-- 

-- 

1.9  x  I010 

80 

1474 

362 

Disogrin  1-DSA- 

80 

None 

80 

5544 

576 

9250 

7  x  1010 

80 

2426 

27 

260 

None 

80 

4585 

566 

1.9  x  1010 

80 

2285 

247 

Disogrin  2-DSA- 

80 

None 

80 

(5418)0>> 

6'*  3 

8445 

7  x  10*0 

80 

1050 

*1 

260 

None 

80 

5082 

555 

1.9  x  1010 

80 

— 

-- 

Diso  rin  2-D'-  \- 

80 

None 

80 

5661 

563 

9840 

7  x  1010 

80 

2585 

56 

260 

None 

80 

5917 

599 

1.9  x  1010 

80 

2524 

330 

Disogrin  3-DSA- 

80 

None 

80 

(5759)<b> 

(588)<b> 

8050 

7  x  l?10 

80 

1075 

44 

260 

None 

80 

-- 

-- 

1.9  x  1010 

80 

— 

— 

Disogrin  3-DSA- 

80 

None  . 

80 

3407 

598 

9045 

7  x  1010 

80 

2472 

49 

260 

None 

80 

2928 

616 

1.9  x  1010 

80 

2071 

313 

(i)  Control  specimen!  were  (objected  to  the  nme  nonnuclear  environment  ind  teet  procedure*  u  the  irradiated  onei. 
(b)  Numben  in  ptrentheiei  are  vtluei  from  equivalent  teit. 


?1 
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TABLE  29.  SUMMARY  OF  EFFECTS  OF  IRRADIATION  AT  TWO  TEMPERATURES 
ON  FLEXIBLE  POLYURETHANE  FOAM  (BLOWN  POLYETHER 
URETHANE,  GENERAL  FOAM  CO.)<15> 


Gamma  Exposure, 
ergs  g'MC) 

Temperature 

Treatment, 

F/hr 

Density, 

lb/ft3 

Compression 
SetU),  % 

Compression 

Defliction^) 

psi 

0 

75/67 

2.  65 

7.  67 

0.  500 

3.2  x 

i°; 

75/2 

2.57 

4.  70 

0.  565 

1.2  x 

109 

75/2 

2.75 

19.42 

).  '."55 

2.  7  x 

109 

75/6.7 

2.  62 

77.39 

466 

B.  .  A 

..  o' 

75/6.7 

2.51 

95. 99 

.,340 

.  8  x 

10° 

75/67 

2. 67 

100.  34 

0.  171 

).4x 

10  0 

75/67 

2. 86 

(c) 

0.  034 

0 

210/2 

2.  36 

69.33 

0.  591 

2.7  x 

JO8 

210/2 

2. 50 

77.  37 

0.  602 

9.  7  x 

108 

210/2 

2.46 

82.23 

0.  542 

0 

240/6.7 

2.  30 

99. 69 

0.  638 

2. 9  x 

109 

240/6.7 

2.48 

99.  02 

0.  525 

1.  1  r. 

1010 

240/6. 7 

59 

200.  33 

0.  407 

0 

1010 

250/67 

2.33 

103. 29 

0.  764 

2.  4  x 

250/67 

2.64 

102.  66 

r.  330 

8.0  x 

1010 

250/67 

3.14 

100.  0*c> 

J.  223 

(•)  Compressed  to  SO  oet  com  deflection  during  irradiation  and  for  time  period  of  31?  hour*.  Average  of  6  aamplea. 

(b)  Load  required  .\»r  26  per  cent  compreiaion  of  tpeclmen  area.  Average  cl •  «  pies. 

(c)  Highest  expoaure  groups  adhered  to  platea.  Some  could  not  be  removed.  Also  shrank  In  size. 
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Modulus  was  not  greatly  affected  by  radiation.  Swelling  measurements  indicated 
that  a  greater  degree  of  crosslinking  occurred  during  irradiation  in  vacuum  than  in  air. 
Specimens  showed  no  loss  of  transparency  after  irradiation,  but  the  pale  amber  color 
was  considerably  intensified  at  the  higher  doses,  hie  voids  or  bubbles  were  formed. 

D;n.a  are  shown  in  Figures  B-2  to  B-S. 

Heitz ,  et  al.  ,  examined  a  polyurethane  vutcanizate  for  st'bility  to  nuclear 
radiation  and  ultraviolet  radiation  in  air  and  in  vacuum.  He  found  that  tne  samples 
underwent  an  initial  crosslinking  period  after  which  chain  scission  was  mere  pre¬ 
dominant.  The  difference  between  air  and  vacuum  irradiation  appeared  very  small.  The 
weignt  changes  were  also  small  in  view  of  the  extensive  degradation  of  some  of  the  speci¬ 
mens.  Regarding  its  resistance  to  gamma  radiation  alone,  Heitz  found  that  it  com¬ 
pared  with  the  best  of  the  silicones  evaluated.  Data  are  given  in  Table  B-51. 

DeWitt,  et  al.  tested  Adiprene  L  and  C  for  effects  of  exposure  to  vacuum  and 
elevated  temperatures  (200  and  300  F  for  L  and  C,  respectively).  He  found  either  no 
change  or  an  increase  in  tensile  strength,  hardness,  and  elongation.  Vacuum  pressure 
obtained  with  Adiprene  L  would  suggest  that  quite  a  bit  of  outgassing  occurred. 

Ossefort  and  Ruby^^)  fOUnd  that  5  days'  exposure  to  vacuum  at  2'»C  F  did  not 
significantly  affect  tensile  strength,  although  elongation  decreased  about  50  per  cent. 
Hardness  increased  from  56  to  80.  Exposure  to  the  same  temperature  in  air  decreased 
tensile  strength  by  almost  65  per  cent,  but  did  not  change  hardneBS.  Data  are  given  in 
Table  B-52. 


Effects  of  Rac!  ation  and  Fluid  Immersion 

Wattle r,  Newell,  and  Morgan^4®)  irradiated  four  polyurethane  elastomers  while 
immersed  in  seljcted  fluids.  Those  included: 

Mil-L  7808  A  phenoxy  phenyl  ether 

4P3E  A  diester  oil 

Oronite  8515  A  nonpetroleum-base  hydraulic  fluid 

Samples  were  immersed  for  approximately  1  month  prior  to  irradiation  and  soaked  fo- 
2  months  after  irradiation.  Data  obtained  were  of  a  preliminary  nature  only,  and  no 
conclusions  were  drawn  except  that  irradiation  in  4P3E  fluid  appeared  to  cause  more 
degradation  than  irradiation  in  the  other  fluids  used.  Data  are  shown  in  Tables  B-53 
through  B-56. 


Silicone  Rubbers 


The  tensile  strength  of  silicone  rubber  increases  with  irradiation  in  air  up  to  an 
exposure  of  approximately  10^  ergs  g’^C),  then  it  rapidly  decreases.  Elongation  is  the 
property  most  affected  by  radiation.  Most  silicones  retain  50  per  cent  elongation  after 
exposure  to  5  x  10^  ergs  g'^C)  at  room  temperature,  10^  ergs  g-^C)  at  150  C,  and 
5  x  10®  ergs  g-^C)  at  200  C. 

Nitrile  silicone  retained  ueeful  properties  when  irradiated  in  fluid*  such  as 
Oronite  8515,  MIL-L-7808,  and  JP-4  fuel  to  an  exposure  of  10i0  erga  g“*(C). 
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Changes  in  tensile  properties  of  silicone  elastomers  due  to  vacuum  irradiation 
(gamma)  are,  in  general,  equivalent  to  or  somewhat  greater  than  the  changes  induced  by 
irradiation  in  air. 

Vacuum  exposure  to  600  F  for  5  days  had  no  appreciable  effect  on  tensile  strength 
of  clicon  elastomers,  although  exposure  in  air  reduced  this  property  by  about  50  ;.~r 
cent.  Elongation  was  not  greatly  affected. 

The  surface  of  silicone  rubber  shows  crazing  and  discoloration  on  exposure  to 
ultraviolet  radiation. 

Radiation-effects  data  have  been  obtained  on  the  following  types  of  commercially 
available  silicone  rubbers:  dimethyl,  methyl  phenyl,  methyl  vinyl,  methyl  phenyl  vinyl, 
methyl  trifluoropropyl,  and  nitrile  siloxanes.  Of  these,  the  nitrile  and  methyl  phenyl 
silicone  vulcanizates  suffer  the  least  damage  when  exposed  to  gamma  radiation  in  air 
while  the  methyl  trifluoropropyl  type  experiences  the  greatest  damage.  The  methyl 
vinyl  and  methyl  phenyl  vinyl  silicones  are  intermediate  with  respect  to  radiation 
stability.  REIC  Report  No.  21  gives  more  detailed  information  regarding  these  types. 
Additional  information  covered  in  this  addendum  includes  effect  of  temperature  and 
gamma  radiation- vacuum  and  gamma  radiation,  and  some  data  on  the  cf.ect  of  ultrav'  let 
radiation. 


Effects  of  Radiation  and  Temperature 

TV  'tip r,  Newell,  and  Morgan^*®)  irradiated  six  silicone  elastomers  at  -65  F, 

80  F,  cud  350  T.  The  materials  were  stored  at  the  same  temperatures  until  rusting. 
Testing  was  at  -65  F,  80  F,  and  300  F.  Table  30  shows  the  changes  in  ultimate  strength 
due  t  irradiation  at  the  three  temperatures.  Additional  tensile  data  are  presented  in 
Appendix  B,  Tables  B-57  through  B-63,  for  the  control  and  irradiated  specimens.  An 
examination  of  these  tables  will  show  that  all  silicone  rubbers  tested  gave  evidence  of 
extensive  crosslinking,  even  when  irradiated  at  -65  F.  Ultimate  strength  increased 
with  exposure  to  a  certain  point,  generally  about  109  ergs  g"MC),  and  then  decreased 
with  increasing  exposure.  This  decrease  appeared  to  be  quite  rapid  above  109  ergs 
g”UC),  as  shown  by  comparing  *.he  above  tables  with  Tables  B-64  through  B-67,  The 
increase  in  tensile  strength  was  considered  to  bo  a  continuation  of  the  crosslinking  th"t 
was  not  fully  completed  by  the  usual  curing  process  and  the  decrease  was  attributed  to 
chain  cleavage.  Tear  strength  decreased  with  increasing  dose.  It  maybe  noted  that  the 
tensile  properties  were  sensitive  to  the  test  temperature,  tensile  strength  decreasing 
considerably  at  the  300  F  temperature. 

Two  silicone  rubbers,  a  methyl  phenyl  vinyl  type  (DC-916)  and  a  nitrile  silicone 
(NSR-X5602),  were  cycled  under  compiession  during  radiation.  A  nitrile  elastomer 
(Hycar  1001)  was  also  tested  for  comparison.  Data  on  the  number  of  cycles  and  the  com¬ 
pressive  strengths  are  given  in  Table  B-68.  The  cycling  of  the  material  was  found  io 
have  an  effect  on  the  nitrile  silicone  and  the  nitrile  rubber.  Compression  set  for  NSR- 
X5602  and  Hycar  1001  was  less  for  the  cycled-compressed  environment  than  for  the 
static-compressed  environment.  No  difference  was  found  for  DC-916. 

Dexter  and  Curtindale  at  Dow  Corning  Corpoiation^^  determined  the  combined 
effects  of  gamma  radiation  and  high  temperatures  on  the  electrical  and  physical 
properties  of  liquid,  aemisolld,  elastomeric,  and  resinot*  silicones.  These  tests 
indicated  that  many  silicone  dielectrics  exhibit  appreciable  resistance  to  changes  in 
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properties  induced  by  exposure  to  gamma  radiation  at  temperatures  rai.ging  from  150  C 
to  200  C. 


These  investigators  state  that  the  tensile  strength  of  silicone  rubbers,  e.g.  , 
Silastic  16^2,  was  unaffected  by  irradiation  at  room  temperature  and  at  150  C  to  10*® 
e  jgs  g“  *(C),  while  irradiation  at  200  C  decreased  tensile  strength  (see  Figure  B  5 ). 

In  afl  cases,  hardness  of  the  cilicone  elastomers  increased  with  cose,  the  rate  of  in¬ 
crease  being  greater  at  elevated  temperatures.  Ultimate  elongation  is  the  property 
most  affected  by  irradiation.  Most  silicone  elastomers  retain  50  per  cent  elongation 
after  exposures  of  5  x  10^  ergs  g”*(C)  at  room  temperature,  10^  ergs  g“*(C)  at  150  C, 
and  5  x  10®  ergs  g-l(C)  at  200  C.  Dexter  and  Curtindale  state  that  an  experimental 
radiation- resistant  stock  retained  50  per  cent  elongation  after  9  x  10**  ergs  g"*(C)  and 
340  hours  at  200  C,  indicating  a  life  in  radiation  fields  15  times  greater  than  that  of  con¬ 
ventional  silicone  elastomers. 

Electrical  properties  examined  by  these  investigators  included  dielectric  constant, 
dissipation  factor,  volume  resistivity,  and  electric  strength.  The  increase  in  dielectric 
constant  of  silicone  elastomers  irradiated  at  high  temperatures  was  found  to  be  less 
than  that  of  the  same  materials  irradiated  at  room  temperature.  The  increase  wat  of 
such  magnitude  as  to  cause  only  a  slight  change  in  the  operating  characteristics  of 
materials.  Dissipation  factor  was  affected  in  a  similar  manner,  but  did  not  change  suf¬ 
ficiently  to  affect  its  operation  in  electrical  equipment.  adiation  exposure  either  at 
room  temperature  or  high  temperature  did  not  significantly  affect  the  volume  resistivity 
or  electric  strength  of  the  silicone  elastomers  at  these  exposures  [10*°  erg r.  (C)]. 
The  effect  of  radiation  at  25  C,  150  C,  and  200  C  on  the  electrical  properties  of  Silastic 
1602  -.r»  -hov'n  in  Figure  B-7. 


Eff  -ts  of  Ra-oation  and  Fluid  Immersion 

A  nitrile  silicone  (General  Electric  NSR-S5602)  was  tested  by  Wsttier,  Newell, 
and  McrganH8)  in  a  combination  of  fluid,  temperature,  and  irradiation  environments. 
Specimens  tested  in  fluids  were  immersed  for  approximately  7  days  prior  to  irradiation 
and  30  days  after  irradiation.  Samples  were  then  tested  within  4  hours  after  removal 
from  the  fluid.  Data  are  given  in  Tables  b-66  and  B-67.  Degradation  of  the  silicone 
was  noted  in  fluid  MIL- L-  7808,  as  indicated  by  the  decrease  in  stress  at  50  per  ceni 
elongation  with  exposure.  Irradiations  in  Oronite  8515  and  air  resulted  in  ar.  increase 
in  stress  at  50  per  cent  elongation  with  increasing  exposure  up  to  the  maximum  given 
[about  lO^  ergs  g~*(C)].  There  did  not  appear  to  be  any  major  difference  between  the 
tensile  values  obtained  for  the  sampler  irradiated  at  260  F  und  those  irradiated  at  80  F. 
Tests  were  run  only  at  80  F  for  JP-4  fuel  Immersion.  In  all  cases,  the  nitrile  silicone 
appeared  to  retain  usable  properties  when  immersed  in  these  fluids  after  a  radiation 
dose  of  10*®  ergs  g"*(C). 


Effects  of  Radiation  and  Vacuum 

Silicone  elastomers  have  been  subjected  to  vacuum  at  room  and  at  elevated  temper¬ 
atures.  In  general,  outgsssing  and  equilibrium-weight-loas  rates  are  relatively  low  and 
properties  are  not  seriouely  affected.  According  to  Jaffe  and  Rittenhouse(5*),  the 
temperature  for  10  per  cent  weight  loss  per  year  in  vacuum  for  silicone  rubber  is  200  C 
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TABLE  30.  EFFECT  OF  NUCLEAR  RADIATION  AND  TEMPERATURE  ON 
TENSILE  STRENGTH  OF  SILICONE  ELASTOMERS*48) 


Silicone 


Chemical  Type 


DC- 80  Methyl  vinyl 


SE-361  Methyl  vinyl 


O'- -675  Methyl  phenyl  vinyl 


DC-9J6  Methyl  phenyl  vinyl 


Temperature 
of  Irradiation 
and 

Testing^1'), 

F 


-65 

0 

1303 

1.  1  X 

109 

1238 

80 

0 

108 

1057 

7  x 

1117 

300 

0 

538 

1.  6  x 

109 

631 

-65 

0 

>09 

1050 

1. 1  X 

1354 

80 

0 

967 

1.  6  x 

109 

953 

300 

0 

"M 

1.  6  x 

109 

1  l 

•  65 

0 

1  >90 

7  x 

108 

944 

1.  1  X 

109 

1109 

80 

0 

109 

992 

1.  6  x 

936 

300 

0 

533 

1.  6  x 

109 

670 

-65 

0 

109 

(1589) 

1.  1  X 

404 

80 

0 

1504 

1.  6  x 

109 

1182 

300 

0 

489 

1,  3  x 

108 

772 

1,  6  x 

109 

322 

1.  1  x 

109 

611 

Gamm' 
Exposure , 
ergs  g-1(C) 


Tensile 

Strength, 

psi 


300 
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TABLE  30.  (Continued) 


Silicone 

Temperature 
of  irradiation 
and 

Testir.gfa>, 

Chemical  Type  >' 

Gamma 
Exposure, 
ergs  g-^C) 

Tensile 

Strength, 

psi 

SE-551 

Methyl  phenyl 

-65 

0 

1404 

7  x  1 0® 

1515 

1.  1  x  109 

1259 

80 

0 

976 

7  x  108 

1078 

l,6x  109 

883 

300 

0 

416 

1.  6  x  109 

544 

LS-53 

Methyl  trifluoropropyl 

-65 

0 

2052 

1.  1  x  10v 

1076 

80 

0 

1289 

1.  6  x  109 

l  ]  ** 

300 

0 

172 

1.6  x  ID9 

343 

i  Samples  t..  vj  at  300  F  vwe  irradiated  arid  atored  at  350  F. 
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(400  F).  Podlaseck  and  Suhorsky^4)  give  the  following  data  for  equilibrium-weight-loss 
rates: 


Temperature, 

C 

Pressure, 

torr 

Equilibrium  Weight 
Loss  Rate, 
e/(c  n^Ksec) 

177 

760 

3.9 

5  x  10"2 

2 

o 

1 

U1 

ND 

204 

760 

46.8 

5  x  10"2 

9.6 

1.  6  x  10' 
10-5 


232 

760 

74.9 

9.  5  x  10" 1 

11.3 

6  x  lO-2 

7.2 

10‘5 

5.7 

Outgassing  rates  as  given  by  these  investigators^)  are  shown  in  Table  31.  In  general, 
these  rates  are  low,  and  silicones  are  useful  in  vacuum  environment.  In  areas  where 
outgassing  and  possible  recondensation  may  present  problems,  such  as  on  opt’ral  sur¬ 
faces  and  electrical  contacts,  silicones  may  be  preferred  over  other  elastom.^  .  and 
plastic  materials.  Although  silicone  rubber  has  a  relatively  high  permeabili'y  rate, 
lose  oi  g  ..-oi  pressurized  vehicles  due  to  permeability  is  so  small  that  it  -\iay  be 
disregarded  in  most  cases. 

TAB.  E  31.  OUTGASSING  RATES  OF  SILICONE  ELASTOMERS^4) 


Outgassin*;  “late, 
torr-litcrs/si  c  'ccmxlO’? 

Elastomer  After  1  Hr  Xfter  6  r'r  After  24  Hr 

Silicone  rubbe-  (Wacker  R60) 

70 

17 

Silicone  rubber  (Wacker  R80) 

180 

41 

— 

Silicone  rubber  (24  hours,  95  per  cent  humidity) 

230 

46 

— 

Silicone  rubber  (outgassed  +  24  hours  dry  N2) 

13 

— 

— 

Silastic 

25 

6 

— 

Silicone  rubber 

94 

'*  7 

/  A 

-- 

Silastic  X6145C 

25 

5.6 

-- 

Silastic  8-104  (red,  62  durometer) 

12 

3.7 

-- 

Silastic  80  (white,  cured  24  hours  st  480  F, 

28 

6.0 

-- 

74  durometer) 

Silastic  50  (white,  55  durometer) 

30 

6.4 

— 

Silastic  67-163  (red,  61  durometer) 

19 

5.4 

.. 

Silicone  (red) 

— 

-- 

0.  44 

Silicone  (green) 

*  “ 

0.  44 

Boundy^*'  listed  the  weight  loss  of  several  silicones  after  exposure  to  tempera¬ 
tures  of  105  F  and  300  F  at  a  pressure  of  10“^  torr  after  a  period  of  7  days.  Value 


8  are 
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given  in  Table  B-69.  Per  cent  weight  loss  was  in  the  order  of  1.  5  per  cent.  Boundy 
noted  that  an  appreciable  decrease  in  vacuum  weight  loss  was  noted  when  the  rubber  was 
pcstcured,  especially  if  the  postcure  temperature  v>as  higher  than  the  use  temperature. 

Fulk  and  Horr^^)  reported  the  stationary- state  veight-loss  rate  at  50  C  for 
several  silicone  rubbers  as  well  as  the  weight  lo;«  occurring  before  they  reached  a 
stationary  state.  Data  are  given  in  Table  B-?0.  Stationary- state  values  were  of  the 
order  of  magnitude  of  10"®  g/sq  cm/hr.  Weight  loss  to  reach  stationary  state  varied 
Lx  im  4.  2  to  5.  8  x  10'®  g/sq  cm  for  the  elastomers.  In  general,  a  steady-state  weight 
loss  was  reached  in  44  to  68  hours. 

Ossefort  and  Ruby(*®)  exposed  2  methyl  vinyl  silicone  rubbers  to  temperatures 
from  400  to  700  F.  Vacuum  exposure  tu  600  F  for  5  days  had  no  appreciable  effect  on 
tensile  strength,  although  on  exposure  in  air,  this  property  was  reduced  by  about  50  per 
cent.  Elongation  was  not  greatly  affected  in  vacuum  exposure.  Weight  losses  were 
higher  at  these  temperatures  but  this  was  also  true  in  oven  aged  samples.  One  of  the 
silicones  maintained  almost  50  per  cent  of  its  tensile  strength  when  exposed  to  700  F  in 
vacuum.  In  air  at  this  temperature,  samples  were  too  brittle  to  be  tested.  Data  are 
given  in  Table  B-71.  In  general,  the  effect  of  elevated  temperatures  was  greater  in  air 
than  in  vacuum. 

Heitz  and  coworkerst*^)  irradiated  silicone  elastomers  in  air  and  in  vacuum  with 
gamma  radiation.  They  found  that  atmospheric  conditions  as  compared  with  vacuum 
environment  did  not  cause  many  significant  differences  in  radiation  effects  cn  >:  ese 
materials.  Where  such  differences  did  occur,  gamma  radiation  in  vacuum  jduccd 
greau;*  .  inking  in  the  dimethyl,  dimethyl  phe-  /l,  and  dimethyl  vinyl  t}  t  -s  than 
radia-  .on  in  a  ,r.  The  reverse  was  true  of  the  methyl  phenyl  vinyl  compound  tested. 

Tab!  s  B-  72  ,  trough  B-85  show  the  effect  of  radiation  in  air  and  in  vacuum  on  tensile 
stre  .gth ,  ISC  per  cent  modulus,  ultimate  elongation,  hardness,  and  weight  change  for 
sue  types  of  elastomers.  The  values  after  100  hours  of  radiation  are  compared  for 
these  rubbers  in  Table  32.  It  may  be  seen  that  changes  in  properties  due  to  gamma 
radiation  in  vacuum  were,  in  general,  equivalent  to  or  somewhat  greater  than  those  in 
air. 


These  data  are  in  general  agreement  with  the  findings  of  McGarvey(®2)  who  studied 
the  effects  of  radiation  in  air,  oxygen,  argon,  and  vacuum  on  various  silicon;  elas¬ 
tomers  and  found  that  the  media  had  little  influence  n  the  vulcanizate's  phyUcal  proper¬ 
ties  at  the  exposures  employed  (lO*0  ergs  g-1(C)J. 

Heitz  indicated  that  room-temperature  vulcanizing  comp: <v ids  as  a  class,  witl  one 
exception,  were  the  most  radiation  resistant  of  the  silicones.  However,  it  should  be 
pointed  out  that  tensile  strength  of  these  materials  was  lower  than  that  of  the  high- 
temperature-cured  materiala  (see  Table  32), 


Effects  of  Ultraviolet  Radiation 

Podlaseck  and  Suhorskyl*)  investigated  the  effect  of  ultraviolet  and  vacuum  at 
26  C  and  53  C  on  the  permeability  of  silicone  rubber.  No  significant  changes  in  the 
permeability  rates  were  found,  but  the  silicone  rubber  showed  surface  crazing  as  a  re¬ 
sult  of  the  ultraviolet  exposure.  Ultraviolet  exposure  was  equivalent  to  approximately 
1300  hours  of  solar  radiation  for  the  samples  testftd  at  5 j  C  and  about  24  hours  for  the 
samples  tested  at  26  C. 
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TABLE  32.  EFFBCT  OF  GAMMA  RADIATION  AMD  VACUUM  OM  SILICONE  ELASTOMER^41* 
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H>.itz(47)  found  that  combined  radiation  (gamma  and  ultraviolet)  caused  more 
crosslinking  than  straight  gamma  radiation,  the  differences  ranging  from  slight  to 
marked.  The  evaluation  of  this,  however,  is  complicated  by  the  fact  that  the  ultra- 
v  olet  radiation  was  accompanied  by  high  temperatures.  Since  heating  in  vacuum  causes  .8 

cvain  scission  of  silicone  compounds,  r.nd  it  was  not  possible  to  cool  the  specimen*  to 
room  temperature,  Heitz  acknowledges  that  a  straightforward  evaluation  of  the  changes  t 

caused  only  by  the  ultraviolet  radiation  was  very  difficult.  However,  specimens  exposed  9(] 
to  ultraviolet  light  showed  a  marked  discoloration  of  the  surfaces  toward  the  lamp,  thus  3 

indicating  an  ultraviolet-radiation-induced  reaction.  Data  are  given  in  Tables  B-72 
through  B-85. 


Studies  to  Improve  Radiation  Stability 


The  incorporation  of  arylene  groups  in  the  backbone  structure  of  the  silicone  mole¬ 
cule  appears  to  be  promising  lor  impi  ved  radiation  resistance.  Osseforl^)  and 
McGarvey(^2)  at  Rock  Island  Arsenal  studied  the  thermal  and  radiation  stability  of 
arylene-modified  siloxanes  prepared  by  Union  Carbide  Corporation.  On  the  basis  of  this 
work,  it  appears  that  the  incorporation  of  arylene  structures  in  the  mV;..  chain  does 
contribute  to  their  thermal  stability  or  to  their  elevated-temperature  properties.  How¬ 
ever,  aryl-ether  aryl  and  aryl-ether  dimethyl  silicones  were  found  to  possess  signifi¬ 
cantly  better  initial  physical  properties  than  did  the  conventional  silicones  and  were 
significantly  better  than  any  of  the  commercial  types  evaluated  with  respect  ♦.  radiation 
stability.  Figure  16  shows  the  chemical  structure  ol  the  arylene-modified  r  ,  .rials. 

The  a-vl-ether  aryl  vulcanizate  retained  some  useful  properties  at  exposur  if  up  to  3  x 
10!  J  e  g  ,C)  in  both  vacuum  and  in  air.  Figure  17  shows  a  comparison  -f  the  effect 
oi  ga  .»ma  rat  iation  on  ultimate  elongation  of  these  materials  as  compared  with  those  of 
met*  yl  phony’  silicone  and  dimethyl  silicone.  Following  is  a  comparison  of  the  effect  of 
radiation  on  the  several  types  of  silicone  rubbers  as  found  by  McGarvey. 
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Type  of  Silicone 

Aryl-ether  aryl 
Aryl-ether  dimethyl 

Fair  <50%,  >20%  of  initial  value  Nitrile 

—  Aryl  dimethyl 

Methylphenyl 
hi .nh  Inhcnylvinyl 
Methylvinyl 

Poor  <20%  of  initial  value  Methyltrifluoropropyl 

It  was  also  determined  that  the  physical  properties  of  the  arylene-modified  sili¬ 
cones  cured  by  gamma  radiation  were  equal  to  or  better  than  those  obtained  with  a 
peroxide-type  cure.  A  dose  of  approximately  10  megarads  produced  optimum  cures  in 
the  aryl  dimethyl  and  the  aryl-ether  aryl  silicones,  and  about  15  megarads  produced  the 
optimum  cure  for  the  aryl-ether  dimethyl  type. 


Radiation 
Res’ stance 


Elongation  kfter  Exposure 
of  5  x  109  eras  a- 1(C) 


>50%  of  initial  value 
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FIGURE  16.  ARYLENE- MODIFIED  SILICONES 


Per  Cent  of  Initial  Value 


FIGURE  17. 


Exposure,  megarods 


A-4M3I 


EFFECT  OF  GAMMA  RADIATION  ON  THE  ULTIMATE  ELONGATION 
OF  VARIOUS  SILOXANES 


T mo  other  phases  of  the  program  included  the  preparation  of  arylene-modified  d 

■  iloxanet  connected  by  perfluoromethylene  groups  (Standford  Research  Institute)  and  the  id  the 

preparation  of  arylene-modified  silcarbanes  (Yarsiey  Research  Laboratories,  London).  don). 

>  ne  structures  of  these  materials  are  indicated  in  Figure  18.  Data  on  these  modifica-  ica- 

t-  ns  are  not  yet  available. 


Fluorinated-Arylene  -  Modified  Polysiloxane 


FIGURE  18.  SILOXANE  AND  SILCARBANE  POLYMERS 

Antirads 


A  considerable  amount  of  work  has  been  performed  to  improve  radiation  resistance  stance 
of  polymers  by  using  antirads.  Work  has  been  done  on  the  in'-c^tigation  of  antirads  at  i  »t 

Mare  Island  Naval  Shipyard  and  at  Rock  Island  Arsenal.  Morris  and  Caggegi  at  the  t 

naval  shipyard  investigated  93  antirads  in  an  effort  ;o  develop  rubber  gaskets  which  i 

would  be  resistant  to  nuclear  radiation,  and  McGarvey  at  the  arsenal  evaluated  approxi-  taxi- 

mately  200  potential  antirads  to  determine  th"  best  one  for  low-acrylonitrile-content  Ut 

nitrile  (NBR)  rubber. 

Morris  and  Caggegl^)  were  interested  in  improving  the  compression-set  proper-  Sper- 

ties  of  gaskets.  They  found  that  improvement  could  be  obtained  by  compounding  with  cer-  th  cer¬ 
tain  antioxidants,  antiosonants,  or  with  certain  chemicals  containing  aromatic  rings  or  •  or 

condensed  ring  structures.  Akroflex  C,  AgeRite  HP,  and  Santoflex  GP  were  among  the  g  the 

best  antioxidants  for  improving  the  radiation  stability  of  5/npol  1500  (SBR).  Those 
antioxidants  having  the  best  antirad  properties  were  derivatives  of  p-phenylene  diamine,  tfeine, 

phenyl  naphthylamine ,  or  a  blend  of  these  chemicals. 
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Some  of  the  anti  rads  which  were  good  in  Synpol  1500  were  among  the  best  also  in 
Hycav  1072  (nitrile  rubber).  Examples  were  Wingstay  100,  Akroflex  C,  Akroflex  CD, 
and  AgeRite  HP.  Antirads  which  were  not  outstanding  in  Synpol  1500  but  which  were 
quite  good  in  Hycar  1072  and  Hycar  1041  were  Santovar  A,  lonol,  and  Deenax.  All  of 
these  are  phenolic  derivatives. 

Vulcanisates  were  further  improved  in  radisfion  resistance  when  both  an  anti¬ 
oxidant  and  a  plasticizer  with  an  aromatic  ring  structure  were  incorporated  in  tlu.  rub¬ 
ber  stocks.  Five  parts  of  Thermoflex  A  and  10  parts  of  dibenzyl  phthalate  lowered  com¬ 
pression  set  of  Synpol  1500  from  74  per  cent  to  48  per  cent  after  irradiation.  It  was 
necessary  to  compound  stocks  with  more  carbon  black  to  maintain  the  Shore  hardness  of 
the  plasticised  vulcanisates  within  the  range  of  65  to  75. 

Naphthalene  was  a  plasticiser  which  was  particularly  effecti/e  in  combination  with 
an  antirad  for  nitrile  rubber  (Hycar  1072).  AgeRite  Hipar  (5  part  '  and  Naphthalene 
(10  parts)  gave  a  vulcanic  ate  with  a  compression  set  of  53  per  cen<  after  irradiation. 
Compression  set  of  irradiated  vulcanisates  of  HycaV  1072  without  loess  additives  was 
80  per  cent  and  that  for  Hycar  1072  with  AgeRite  Hipar  was  65  per  cent. 

Acridine,  pyrene,  and  fluoranthene  were  other  plasticisers  which  provided  im¬ 
proved  radiation  with  antirads  in  Synpol  1500.  Acridine  was  also  outstanding  with 
antirads  in  Hycar  1072.  These  antirads  are  listed,  with  the  chemical  composition  and 
name  of  the  supplier,  in  Tables  33  and  34. 

McGarveyt5*)  evaluated  antirads  on  the  basis  of  per  cent  of  initial  NBS  31  rain  and 
Shore  n  i  ..  J:.t  <  values  after  an  exposure  of  5  x  109  ergs  g_1(C).  The  compounds 
whose  *  olcanisatea  met  the  following  requirements  after  irradiation  were  judged  to 
posse  •*  signify  int  antirad  activity: 

NBS  strain,  50  per  cent,  >50  per  cent  of  initial  value 

Ultimate  elongation,  200  per  cent,  >50  per  cent  of  initial  val-.vs 

Ultimate  tensile  strength,  >2000  pel. 

Table  35  lists  the  12  best  antirads  arranged  in  descending  order  according  to  their 
antirad  activity.  From  this  table  it  can  be  seen  that  several  aromatic  nitro  compounds 
function  as  inhibitors  of  radiation  damage  in  NBR  rubber.  In  particular,  2,2-tiphsnyl 
1-picrylhydrasyl  (DPPH)  and  1,  l-diphenyl-2-picrylhydrasine  (DPPH2)  appear  to  be  ths 
most  efficient  antirads.  Ths  a  chanlsm  of  their  protective  action  was  attributed  to  their 
function  as  radiation- stabilised  scavengers  for  free  radicals  produced  by  high-energy 
radiation.  It  is  not  known  how  DPPH  anti  DPPHj  may  attach  to  b.i  free  radicals 
produced  in  the  NBR  vulcanisate, 

Ths  antirad  activity  of  DPPH2  present  at  a  concentration  of  5  phr  was  also  investi¬ 
gated  in  SBR,  Butyl  rubber,  and  natural  rubber,  A  significant  antirad  activity  was 
exhibited  in  only  the  SBR  vulcanisate,  as  can  be  seen  from  Table  36, 
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TABLE  33.  ANTIRADS  FOR  STYRENE-BUTADIENE  (SBR)  RUBBER*40* 


Name 

Chemical  Composition 
(Supplier's  Description) 

Supplier 

Antioxidants  and  Antiozonants 

Aktoflex  C 

Diphenyl-p-phenylenediamine  + 
phenyl- alpha-naphthylarrune 

12.  I.  du  Pont  de  Nemours 
&  Co. 

AgeRite  HP 

Phenyl-beta-naphthylamine  + 
diphenyl-p-phenylenediamine 

R.  T.  Vanderbilt  Co. 

Santoflex  GP 

N-Cyclohexyl-N'-phenyl-p- 
phenyle  nediamine 

Monsanto  Chemical  Co. 

Wirfe_H  on 

Alkyl  aryl  amine 

Goodyear  Tire  an  1  Rubber  Co. 

Akr-  Ipx  CD 

Diphenyl-p-phcnylenediamine  + 
phenyl-beta-naphthylamine 

E.  I.  du  Pont  de  Nemours 
&  Co. 

Thermoflex  A 

Di-p-methoxydiphenylamine  + 
diphenyl-p-phenylenediamine  + 
phenyl-beta-naphthylamine 

E.  I.  du  Pont  de  Nemours 
&  Co. 

Plasticizers 

Dibenzyl  phthalate 

Dibenzyi  phthalate 

Eastman  Chemical  Products 

Miscellaneous 

Acridine 

Acridine 

Eastman  Chemical  Products 

Pyrene 

Pyrene 

Reilly  Tar  &  Chemical  Corp, 

Fluoranthene 

Fluoranthene 

Reilly  Tar  fc  Chemical  Corp. 
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TABLE  34.  ANTIRADS  FOR  NITRILE  RUBBER 


Name 

Chemical  Composition 
(Supplier's  Description) 

Supplier 

Antioxidants  and  Antiozonants 

Wingstay  100 

Alkyl  aryl  amine 

Goodyear  Tire  and  Rubber  Co. 

Akroflex  C 

Diphenyl-p-phenylene diamine  4 
phenyl-alpha-naphthylamine 

E.  I.  du  Pont  de  Nemours 
&  Co. 

Akroflex  CD 

Diphenyl-p-phenylenediamine  4 
phenyl- beta-naphthylamine 

E.  I.  du  Pont  de  Nemours 
&  Co. 

AgeRiU  *r’ 

Phenyl-beta-naphthylamine  4 
diphenyl-p-phenylenediamine 

R.  T.  Vanderbilt  C: 

Santo  ir  A 

2,  5-ditertiary-amyl  hydroq  iinone 

Monsanto  Chemical  Co. 

Ionol 

2 , 6-Di-tert-butyl-4-methyl  phenol 

Shell  Chemical  Corp. 

Deenax 

2,6  Di-tert-butyl-4-methyl  phenol 

Enjay  Chemical  Co. 

AgeRite  Hipar 

Phenyl-heta-naphthylamme  4 
isopropoxy  diphenylamine  4 
diphenyl-p-phenylenediamine 

R.  T.  Vanderbilt  Co. 

Miscellaneous 

Naphthalene 

Naphthalene 

Reilly  Tar  &  Chemical  Corp. 

Acridine 


Acridine 


Eastman  Chemical  Products 
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TABLE  35.  EVALUATION  OF  THE  BEST  ANTIRADS  IN  NBR 


Additive  (5  Phr  Polymer) 

Per  Cent  of  Original  Property  After 

5  x  107  Rads 

Tensile 

Elongation 

Hardness, 
Store  A 

Strain, 

NBS 

None  (Control) 

92 

33 

116 

34 

2 , 2-  Diphenyl*  1-pic  rylhydrazyl 

109 

61 

104 

58 

1, 1 -Diphenyl- ?-picrylhydrazine 

98 

63 

108 

55 

N,N'-Di  phenyl  paraphenylenediamine 

82 

51 

110 

55 

1- Fluor  o-2, 4-dinitrobenzene 

113 

70 

lib 

5C 

5-Nitro- 1- naphthyl  amine 

100 

58 

110 

54 

p-Phenylazoaniline 

95 

53 

114 

54 

4-  Phenylazodiphenylamine 

91 

51 

112 

53 

2-Nitrodiphenylamine 

97 

51 

112 

52 

Phenothiazine 

93 

51 

115 

52 

p-Nitr^h  .-n'  rile 

97 

52 

118 

52 

p-Nitr-  jenzhy*  razide 

92 

51 

112 

51 

p-Nll  jphenyil  drazine 

113 

60 

113 

50 

TABLE  36.  EVALUATION  OF  DPPH2  IN  VARIOUS  ELASTOMERS 

Polyme  r 

Additive 

Per  Cent  of  Original  Property  After  5  x  10^ 

Rads 

Tensile 

Elongation 

Hardness, 

Shore  A 

Strain, 

NBS 

SBR 

None 

98 

55 

117 

51 

It 

DPPH2 

112 

84 

108 

65 

Butyl 

None 

4 

71 

59 

-- 

II 

dpph2 

4 

70 

66 

— 

Natural 

None 

86 

67 

112 

64 

II 

DPPH, 

80 

71 

106 

78 
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PLASTICS 


As  was  true  with  elastomers,  most  of  the  data  collected  on  plastics  since  the  pub-  ">- 

lication  of  REIC  Report  No.  21  have  been  in  connection  with  the  materials  used  in  -►annus  ous 

components  for  space  vehicles  or  missiles.  Effect 3  of  combined  environments  such  as  1 

vacuum  and  radiation  have  been  investigated.  Mc.t  of  this  work  was  discussed  in  the 
section  on  components.  However,  those  plastics  for  which  new  informatioi  was  obtained  ed 

an'  discussed  alphabetically  in  this  section. 

Three  new  polymers  have  been  developed  that  look  promising  with  respect  to  radi-  i- 

ation  stability.  These  are  the  polyimides,  poly  n-vinyl  c&rbazole,  and  the  phosphonitril-  il- 

lic  chlorides.  More  work  needs  to  be  done  with  these  materials  before  it  will  be  possible  ble 

to  determine  their  suitability  for  specific  applications.  Ultraviolet  radiation  is  important  ant 

in  the  use  of  plastics  and  deterioration  can  be  serious  under  certain  conditions  of 
exposure. 


Acrylics 

Polymethyl  methacrylate  (Lucite  or  Plexiglas)  : s  unaffected  by  gamma  radiation  to  to 

an  exposure  of  8.  2  x  10^  ergs  g“l(C),  but  tensile  strength  and  elongation  are  dj  reased  1 

by  25  per  cent  at  an  exposure  of  1.  1  x  10^  ergs  g“HC).  Physical  properties  \  criorate  e 

quite  rapidly  above  that  amount  of  radiation.  Above  10^  ergs  g* *(C)  of  absorbed  radia¬ 
tion,  p.)J  :*h  1  methacrylate  becomes  very  brittle. 

lformcL  m  or.  acrylic  polymers  shows  that  work  has  been  done  on  the  effects  of 
vacuu  a,  tempe.  sture,  and  ultraviolet  (UV)  radia*ion  on  Plexiglas  (methylmethacrylate)  1 

and  on  acrvlic  cv  atings.  Data  for  the  latter  are  presented  in  the  section  on  coatings, 
and  the  information  on  the  plastic  is  given  here. 


Effect  of  Ultraviolet  Radiation 

Wahl  and  Robinson(^)  observed  the  effects  of  ultraviolet  radiation  (2  py;ons)  and 
vacuum  (6.  0  ±  3  x  10-6  torr)  for  periods  of  100  hours.  Properties  observed  were  sur¬ 
face  and  color  changes,  spectral  transmission,  luminous  transmittance,  and  haze. 

Hardness,  loss  in  weight,  and  changes  in  chemical  structure  after  irradiation  were  also  3 

determined.  Dr*a  are  given  in  Table  37.  Also  included  for  coir>;.a.ison  is  Solectron  aOO,  0, 

a  heat-resistant  polyester,  transparent  glazing  material.  Wahl  stated  that  the  plastics 
irradiated  in  a  vacuum  became  slightly  translucent  a,;d  the  haze  measurements  are  of 
questionable  value. 

After  vacuum  exposure  alone,  Plexiglas  55  and  Selectron  400  specimens  lost  less 
than  0.8  per  cent  in  weight  and  there  was  no  measurable  change  in  Barcol  hardnes3. 

With  ultraviolet  and  vacuum,  Plexiglas  lost  less  than  2  per  cent  in  weight  and  hardness 
decreased  slightly.  Selectron  400  showed  no  significant  weight  loss  but  a  considerable 
increase  in  hardness.  The  irradiated  Selectron  400  became  very  brittle  and  shattered 
when  indented  with  the  Barcol  hardness  tester.  The  surface  of  the  plastics  turned  brown.  n. 
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TABLE  37.  PROPERTIES  OF  VACUUM-IRRADIATED  TRANSPARENT  GLAZING 
MATERIALS  BEFORE  AND  AFTER  100-HOUR  EXPOSURE*35) 


Kaze, 

Before 

per  cent 
After 

Parallel  Light 
Transmission, 
per  ce.u 

Weight  Lois, 
per  cent 

Barcol Hardness 

Material 

Exposure 

Exposure 

Before 

After 

After 

Before 

After 

Selcctron  400 

6.2 

74.8 

89.  3 

22.3 

0.  22 

14 

52 

Plexiglas  55 

4.8 

68.7 

90.9 

20.0 

1.89 

58 

54 

Stretched 
Plexiglas  55 

6.9 

">0.0 

89.2 

5.0 

1.80 

59 

54 

V ersluys ,  et  al. ,  *55)  also  irradiated  Plexiglas  in  vacuum  with  ultraviolet.  Data 
are  shown  in  Table  C-l  of  Appendix  C.  The  outgaeeing  was  believed  to  be  adsorbed  i- 
trogen  since  the  dissolved  gas  was  found  to  be  of  mass  28.  No  discoloration  was 
observed. 

Ringwood*5&)  states  that  polymethyl  methacrylate  tends  to  unzip  or  dep.tymerize 
in  a  vacuum  of  10"®  torr  at  ambient  temperatures  under  exposure  to  rays  si  ~>  tor  than 
3800  f'  In  space  this  effect  is  accelerated  by  the  increase  in  temperature  :'n  the  plastic 
caused  uy  tar  absorption  of  infrared  rays.  Surface  discoloration  and  crazing  have  been 
obse  Jed  undr  r  the  same  ultraviolet  exposure  but  at  higher  pressures  (10"®  torr)  when 
test'  d  in  a  ch  mber  maintained  at  72  F. 


Temperatures  at  which  there  is  10  per  cent  weight  loss  per  year  are  40  to  150  C 
(100  to  300  F)  for  methylacrylate,  and  100  to  200  C  (220  to  390  F)  for  methylmethacrylate 
in  vacuum.  An  acrylate  (MIL-P-5425)  showed  0.  3  per  cent  weight  loss  on  dislocation, 
an  additional  0.  03  per  cent  on  vacuum  exposure,  and  maintained  0.  15  per  cent  (net  weight 
loss)  after  re-exposure  to  air*®^)# 


Acrylonitrile 


Wilcox,  et  al.  ,*5®)  irradiated  Acrilan  in  nitrogen  with  monochromatic  light  an', 
irradiated  samples  with  a  G30T8  lamp  in  nitrogen  and  in  a  vacuum.  Data  are  included 
in  Tables  C-2  and  C-3.  The  shorter  wavelengths  reduce  greater  changes  in  the  tensile  le 

strength  per  joule  of  incident  energy  than  the  longer  wavelengths  produce.  Tensile 
strength  is  degraded  about  1.  5  times  as  fast  in  nitrogen  as  in  a  vacuum.  Jaffe  and 
Rittenhouse*® 0  give  20  C  (240  F)  as  the  temperature  for  10  per  cent  weight  loss  per  year  ,a 
for  acrylonitrile  polymer. 


Acrylonitrile/Butadiene /Styrene  Terpolymer  (rJ3S) 


At  room  temperature,  Kralastic  MV  (an  ABS  polymer)  increased  in  tensile  strength  gth 
when  irradiated  to  a  gamma  exposure  of  2.  8  x  10^0  ergs  g"  *(C).  At  9.  4  x  10^  ergs 
j>’l(C),  tensile  strength  decreased  by  30  per  cent.  At  250  F,  the  polymer  lost  two-thirds  rt}8 
of  its  tensile  strength  at  an  exposure  of  8  x  10^®  ergs  g’*(C). 
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Lewis(*^  determined  the  effects  of  irradiation  on  two  types  of  ABS  polymers  at 
75  F  and  at  250  F.  These  materials  were  Kralastic  MV  and  Kralastic  SRA  plastics.  At  \t 

75  F,  both  materials  increased  in  tensile  strength  when  irradiated  to  an  exposure  of 
2.  3  x  1010  ergs  g‘*(C).  At  9.  4  x  1010  ergs  g-*(C),  tensile  strength  decreased  by  ap¬ 
proximately  30  per  cent  of  the  original.  The  MV  material  increased  in  tensile  strength  h 

from  3730  psi  to  a  maximum  of  5070  psi  and  then  decreased  to  214d  psi.  The  tensile 
strength  of  SRA  material  increased  from  4730  ps.  to  6330  psi  and  then  decreased  to 
2820  psi.  ‘  In  both  cases,  hardness  increased  with  increasing  radiation  exposure.  At 
ele rated  temperatures  this  change  takes  place  more  rapidly,  and  at  250  F  Kralastic  MV,  V 

noni ’•radiated,  has  a  tensile  strength  of  3670  psi,  while  after  irradiation  to  an  exposure  e 

of  8  x  10 10  ergs  g_*(C)  at  250  F  tensile  strength  decreased  to  1230  psi.  Under  the  same  le 

conditions,  the  SRA  material  decreased  from  4350  psi  to  875  psi.  Hardness  of  both 
materials  increased  with  increasing  radiation  at  the  elevated  temperatures  in  approxi¬ 
mately  the  same  fashion  as  it  d’d  when  irradiated  at  room  temperature. 


Cellulose  Acetate 


Cellulose  polymers  are  among  the  polymers  least  resistant  to  radiation  damage. 

At  an  exposure  of  1.  9  x  109  ergs  g“  *(C),  cellulose  acetate  has  deteriorated  by  25  per 
cent. 

Weight-loss  data  for  cellulose  acetate  and  cellulose  acetate  butyrate  or'. y  were 
found.  Riehl(57)  indicates  that  neither  material  lost  weight  in  24  hours  in  vtc^um  after  r 

first  co  ,i.ig  f  constant  weight  in  a  disiccator. 


Diallyl  Phthalate 


Diallyl  phthalate  has  shown  excellent  radiation  stability.  For  example,  a  case 
molded  from  diallyl  phthalate  Type  FS80  which  is  flamepoof  and  long-glass-fiber  filled 
was  exposed  to  4,  3  x  10^  nvft  l  the  equivalent  of  1.  3  x  10*®  ergs  g"*(C)].  The  radiation  on 

resistance  of  this  case  was  considered  very  good.  (38)  Also,  coil  forms,  insu'ators,  and  nd 

standoffs  were  relatively  unaffected  at  an  exposure  of  6.  2  x  10*2  ergs  g"1^). 

Although  there  are  changes  in  electrical  properties  such  as  dielectric  constant, 
dissipation  factor,  and  volume  resistance  while  exposed  to  a  rul'f  tion  flux,  recovery  of  ,f 

these  properties  after  exposure  is  very  good.  Electrical  leakage  resistance  of  diallyl 
phthalate  connectors  was  reduced  to  0.  1  of  the  initis’  value  at  an  integrated  exposure  of  f 

8.  8  x  10*2  ergs  g'*(C).  The  connectors  were  removed  from  the  radiation  field  and 
within  15  minutes,  leakage  resistance  had  returned  to  the  original  value.  (59,60) 

Table  38  shows  the  change  in  leakage  resistance  with  exposure. 


The  affect  of  vacuum  and  temperature  on  dia.lyl  phthalate  was  studied  by  Podlaseck  ;ck 

and  Suhorsky(^)  and  Fulk  and  HorrO7).  Data  are  presented  in  Tables  C-4  and  C-5.  The  he 

effect  of  temperature  on  weight  loss  in  air  and  in  vacuum  is  shown  in  Figure  19,  Diallyl  yl 

phthalate  has  a  very  low  equilibrium  outgassing  rate  at  moderate  temperature  similar  to  to 

those  of  epoxies  and  polyesters.  But  like  these,  the  initial  rates  are  considerably  higher  ier 

than  those  for  fluorocarbons,  silicones,  and  Mylar. 
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TABLE  38.  LEAKAGE  RESISTANCE  OF  DIALLYL  PHTHALATE 
CONNECTORS  IN  PILE  -  DYNAMIC  TESTING^60) 


Radiation  i-<posure, 
n  cm"^  (ER  >  2.  9  Mev) 

Leakage  Resistance(a), 
megohms  at  55  C 

None 

56 

1.68  x  1014 

36 

5.04  x  1014 

41 

1.34  x  1015 

33 

2.  27  x  1015 

12.5 

3.36  x  1015 

6.8 

5.  12  x  10*5 

5.8 

6.47  x  1015 

5.2 

9.  24  x  101® 

5.9 

9.58  x  !015 

5.  1 

1.  31  x  i016 

6.2 

1.43  x  1016 

6.8 

1.67  x  1016 

6.8 

Scram  +  2  min 

17.5 

Scram  +  22  min 

40 

Scram  +  42  min 

58 

Scram  +  237  min 

90 

Scram  +  24  hours 

110 

(a)  'll  till  leakage  'rsaiuretnent  before  lMtallatlon  *  4000  megohms  at  room  conditions; 
b.veline  leakage  resistance  »  66  megohms  at  65  . 


Epoxy  Resins 

Epoxy  resins  are  above  average  for  plastics  in  radiation  resistance,  h  iving  with-  .h- 

stood  gat  tma  exposures  to  9.  5  x  10*®  ergs  g"*(C)  without  appreciable  deterioration. 

Aromatic-type  curing  agents  provide  the  best  irradiate’,  resistance. 

Epoxy  resins  have  low-weight-loss  equilibrium  constants,  although  initial  out- 
gassing  is  somewhat  greater. 

Epoxy  resins  are  considered  ior  use  in  space  applications  primarily  for  laminates,  tes, 

adhesives,  encapsulating  or  potting  materials,  and  coatings.  In  general,  epoxy  resins  lB 

have  low- weight-loss  equilibrium  constants,  although  initial  outgassing  is  somewhat 
greater.  In  th<s  latter  respect  it  is  inferior  to  the  fluorocarbons  and  silicone  but  supe-  ,e. 

rior  to  the  phenolics. 

Equilibrium-weight  loss  dataU8)  are  given  in  Table  C-4.  A  comparison  of  the  ini-  ini¬ 
tial  rates  of  weight  loss  of  several  materials  as  given  by  Gloria  et  al.  are  shown  in  l  in 

Figure  C-l.  Weight  losses  were  also  obtained  by  FulkU?)  and  are  given  in  Table  B-70.  70. 


EQUILIBRIUM  WEIGHT  LOSS  RATE,  Wfc(CM/CMz-SEC  X  10 
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FIGURE  19.  EFFECT  OF  TEMPERATURE  ON  WEIGHT  LOSS  IN  AIR  AND 
IN  VACUUM*4) 
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At  cryogenic  temperatures,  epoxies  have  the  highest  flexural  strength,  with  phe- 
r.olics  ana  polyesters  following  in  that  o.der.  W 


Fluorocarbons 


Teflon  FEP  100  (a  copolymer  of  hexafluot  O]-:  opene  and  tetrafluoroethylene)  is  con¬ 
siderably  more  radiation  resistant  in  air  than  is  Teflon  TFE  (tetrafluoroethylene). 
Threshold  damage  for  Teflon  TFE  in  air  occurs  at  1.  7  x  10^  ergs  g"l(C/,  and  25  per  cent 
damage  is  accrued  at  an  exposure  of  3.4  x  10&  ergs  g~*(C). 

In  vacuum,  tensile  strength  of  Teflon  TFE  is  satisfactory  to  8  x  10?  ergs  g*l(C). 

Fiberglas  reinforced  Teflon  retained  40  per  cent  of  tensile  strength  and  some 
flexibility  at  1.  2  x  10 10  ergs  g"1(C)  in  air. 

Tedlar  (polyvinyl  fluoride)  as  a  4-mil  film  showed  good  radiation  resistance  to  an 
exposure  of  10*0  ergs  g~l(C),  but  decomposed  and  gave  off  a  considerable  quantity  o' 

HC1  above  that  exposure. 

Kynar(polyvinylidene  fluoride)  shows  excellent  retention  of  tensile  strength  when 
irradiated  in  air  and  in  vacuum  to  10^  ergs  g*  *(C). 

Kynar  is  reported  to  have  excellent  resistance  to  ultraviolet  radiation. 

F’  joroc.  -bons  with  their  excel,  ent  temperature  and  chemical  resistance  r.nd  with 
good  *  excell'  it  electiical  characteiistics  are  of  great  interest  for  space  applications. 
Fluo  caraona  or  which  information  is  available  include  Teflon  TFE  (polytetrafluoro- 
ethylene),  Teflo  .  FEP  (a  copolymer  cf  hexafluorepropene  and  tetrafluoroethylene), 

Kel-F  (chlorotrifluoropropylene),  Tedlar  (polyvinyl  fluoride),  and  Kynar  (polyvinylidene 
fluoride) 

Teflon  is  probably  the  best  illustration  of  the  importance  of  considering  all  factors 
of  space  environment  in  determining  the  behavior  of  a  material  in  space.  Teflon  has 
poor  radiation  resistance  in  air  and  originally  this  was  believed  to  preclude  its  use  fo: 
space  applications.  However,  in  an  oxygen-free  atmosphere  (as  in  a  vacuum)  its  radia¬ 
tion  resistance  is  improved  by  about  two  orders  of  magnitude.  It  is  being  used  success¬ 
fully  for  many  applications  in  satellites  and  numerous  studies  have  been  made  to  deter¬ 
mine  the  behavior  of  this  material  in  space.  The  following  data  show  the  results  of  th-se 
efforts.  Most  of  the  work  ha*  been  with  Teflon  TFE,  Teflon  FEP  and  Kel-F.  Limited 
data  are  available  on  Kynar  and  Tedlar.  Comparative  properties  of  the  first  three  mate¬ 
rials  in  air  are  shown  in  Table  C-6,  Appendix  C. 


Effects  of  Nuclear  Radiation 

In  order  to  determine  differences  in  radiation  resistance  among  fluorocarbon  poly¬ 
mers,  Wattier,  Newell,  a>.d  Morgan(*8)  studied  the  radiation  resistance  of  Teflon  TFE, 
Teflon  FEP  100,  and  Tedl  r.  They  found  that  Teflon  FEP  100  had  considerably  more 
radiation  resistance  in  aii  than  the  standard  TFE  of  the  same  thickness.  Teflon  FEP 
also  shows  greater  stabili:y  in  the  absence  ci  air,  as  can  be  noted  in  its  radiation 
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resistance  when  immersed  in  Cronite  8515  or  in  helium.,  Fiberglas- reinforced  Teflon 
showed  good  radiation  resistance.  This  mat?  rial  retained  some  of  its  flexibility  as  well 
as  40  per  cent  of  its  tensile  strength  at  a  radiation  exposure  of  1.  2  x  101®  ergs  g*l(C). 
Data  are  given  in  Tables  C-7  through  C-9. 

Pedlar  film  decomposed  and  gave  ofi  a  considerable  quantity  of  HC1  during  irradia¬ 
tion.  Radiation  resistance  of  the  0.  004-inch  film  wrs  quite  good  up  to  an  exposure  of 
1.  0  to  1.  4  x  101®  ergs  g"*(C).  Data  are  included  in  Table  C-10. 


Effects  of  Nuclear  Radiation  and  Vacuum 

Golden  and  Hazell^®)  irradiated  Teflon  in  vacuum  ( 10" ^  torr).  No  change  in  color 
or  opacity  occurred  at  doses  less  than  1.  3  x  101®  ergs  g“  l(C),  but  above  this  dose,  disks 
and  film  disintegrated.  Polymers  which  had  received  a  high  radiation  dose  had  a  sharp 
melting  point  (327  C)  and  gave  a  clear  colorless  melt,  whereas  unirradiated  material 
showed  no  visible  change  up  to  400  C.  Highly  irradiated  mateiial  evolved  gas  at  and 
above  the  melting  point. 

Variation  of  tensile  properties  with  increasing  radiation  dose  are  shown  in  Fig¬ 
ure  C-2.  Table  C-ll  shows  values  as  given  by  Shoffner(62)#  It  may  be  seen  in  Fig¬ 
ure  C-2  that  tensile  strength  equivalent  to  that  of  unirradiated  material  is  maintained  up 
to  an  irradiation  exposure  of  8  x  10?  ergs  g"*(C).  At  higher  exposures,  the  tensile 
strength,  although  somewhat  erratic,  is  greatly  decreased  and  at  1.  2  x  10*®  er.»  _1(C) 
is  reduced  to  a  negligible  value.  However,  elongation  is  reduced  from  200  per  i  >  nt  for 
the  uni’- .  *■  '*'  *d  Material  to  a  few  per  cent  after  an  exposure  of  4  x  10®  ergs  g  \C). 

Thus  dec  adatior.  reduces  the  extensibility  before  appreciably  reducing  tensile  strength. 
Inf i  are  '  spectre  raphe  of  unirradiated  samples  and  of  those  irradiated  in  air  and  in 
vacuum  nave  b*-**  made.  l®2)  Table  C  -12  shows  the  differences  in  ur .  r radiated  and  irra¬ 
diated  samples. 

Kerlin^*^  irradiated  Teflon  TFE  and  Kel-F  ir  vacuum  (2.  5  x  10"7  torr)  and 
tested  the  specimens  while  in  vacuum  (described  as  dynamic  tests).  The  same  polymers 
were  irradiated  in  vacuum  and  in  air  and  the  tensile  strength  end  ultimate  elongation  de¬ 
termined  in  air  (described  a«  static  tests).  Data  are  given  >n  Tables  C- 13  andC- 14.  The 
difference  between  the  effects  of  irradiation  in  vacuum  and  in  air  on  ultimate  strength 
and  elongation  can  be  seen  in  these  tables.  Although  not  strictly  comparable,  the  ultimate 
strength  and  elongation  appear  to  be  greater  when  the  materials  are  irradiated  in  vacuum 
than  when  irradiated  in  air.  With  Kel-F,  tensile  strength  is  greater  than  that  for  Teflon, 
and  neither  irradiation  in  vacuum  and  nor  irradiation  in  air  *e»irve1v  affects  tensile 
properties. 

It  may  be  noted  that  Teflon  FEP  shows  better  radiation  stability  in  air  than  does 
TFE,  but  the  improvement  in  vacuum  is  minor. 

The  eifects  of  radiation  on  Duroid  5600,  a  glass-fiber-reinforced  Teflon,  and  un¬ 
filled  Teflon  are  similar.  Kynar  and  Tedlar  both  show  excellent  retention  of  tensile 
strength  and  elongation  when  irradiated  in  air  and  in  vacuum  (see  Table  C-15).  Accord¬ 
ing  to  Kerlin,  Kynar  does  not  have  low-temperature  properties  as  good  as  those  of 
Teflon.  It  has,  however  ,  excellent  resistance  to  ultraviolet  radiation. 
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The  following  data  show  the  effect  of  vacuum  and  temperature  with  no  irradiation. 
At  100  C,  and  after  100  hours  exposure  to  a  pressure  of  30"7  torr,  the  weight  loss  of 
T Fit.  resin  was  found  by  Jolley  and  Reed(^3)  to  be  0.  04  per  cent  and  that  of  FEP  resin 
was  0.  08  per  cent.  No  comparable  data  were  found  for  Kel-F.  However,  B ringer (64) 
compares  the  outgassing  of  Kel-F  and  Teflon.  He  state c  that  significant  weight  loss  for 
Kd-F  begins  to  occur  at  about  250  C,  and  for  Teflon  at  about  350  C.  Outgassing  rate  lor 
Teflon  at  25  C  is  1.6  x  10'?  torr-liters/(sec)(sq  cm).  This  compares  with  a  value  of 
3.  7  x  10" 7  torr-liters/(sec)(sq  cm)  for  aluminum  The  rate  of  outgassing  of  Teflon  TFE 
and  FEP  decreases  with  time.  This  is  also  true  for  Kel-F.  Table  C-16  gives  the  mole 
per  cent  and  Mentity  of  evolved  gases  fc-r  Teflon  TFE  at  71,  180,  and  200  C. 

Analyses  of  gases  evolved  from  vacuum  outgassing  of  Teflon  have  indicated  that  no 
degradation  of  Teflon  resins  or  of  their  properties  occurs  in  high-vacuum  service  at 
room  temperature.  Tubing  of  Teflon  in  use  in  the  vacuum  systems  (10“6  to  5x  IC^torr) 
of  the  Bendix  Mass  Spectrometer  for  ~^ore  than  5  years  has  given  no  mass -spectrum- 
analysis  evidence  of  outgassing  or  b. .  ii-_own  of  the  Teflon  tubing. 

Buckley  and  Johnson^)  conducted  experiments  to  determine  the  effects  of  vacuum 
on  friction  and  wear  for  three  polymers,  including  Teflon  (PTFE)  and  Kel-F  (PCFE). 
Both  friction  and  wear  for  unfilled  PTFE  and  PCFE  in  vacuum  were  nearly  the  same  and 
were  high.  In  general,  the  wear  mechanism  of  the  two  polymers  sliding  on  stainless 
steel  surfaces  was  one  of  an  abrasion  process.  It  was  found  that  heat  generated  at  the 
sliding  interface  was  transferred  to  the  wear  particles  abraded  from  the  polymer  and  ad¬ 
hering  to  the  metal  surface.  This  increased  surface  temperatures  and  cause!  .  urface 
degradation  of  the  particles. 

Puckle>  determined  the  influence  of  fillers  on  ths  wear  of  Teflon  and  Kel-F  in 
vacu<-  ,i.  Fill*  cs  uaed  for  these  studies  included  ..iaso  fiber,  molybdenum  disulfide, 
copp  <•,  silvei .  and  graphite.  Tbe  addition  of  glass  fibers  and  copper  powder  markedly 
improved  the  fretion  and  wear  characteristics  for  PTFE.  Molybdenum  disulfide  offered 
essentially  no  improvement,  it  is  believed  that  improvement  came  as  a  result  of  dis¬ 
sipation  of  frictional  heat.  The  effect  of  fillers  can  be  seen  in  Figure  C-3. 

Decomposition  products  wers  studied  for  PTFE.  With  unfilled  polymer,  the  prin¬ 
cipal  products  of  decomposition  were  thv  heavier-molecular-weight  fragments  of  the 
polymer  unit.  With  glass-filled  compositions,  the  principal  decomposition  product  was 
fluorine.  Copper-filled  Teflon  gave  very  small  concentrations  of  decompositi  m 
products. 

As  a  matter  of  comparison,  Buckley  found  the  friction  rxd  wear  characteristics  of 
a  polyimide  resin  to  be  superior  to  those  of  Teflon  TFE  in  vacuum.  This  polyimide  was 
stable  to  500  F. 


Effects  of  Cryogenic  Temperatures 

The  utility  of  Kel-F  and  Teflon  at  cryogenic  temperatures  has  been  proven  in  prac¬ 
tice  by  their  oxtensive  use  in  connection  with  liquid  oxygen  (-325  F)  and  liquid  hydrogen 
(-425  F)<64>.  The  plastics  retain  some  degree  of  ductility  at  these  temperatures.  Fig¬ 
ure  C-4  shows  the  tensile  behavior  of  the  fluorocarbon  plastics  in  the  subzero  regions. 
According  to  Vickers^),  FEP  has  an  impact  strength  of  2.  0  ft-lb/in.  while  Kel-F 
(medium  crystallinity)  has  an  impact  value  of  1.  25  ft-lb/ir..  Elongation  of  FEP  is  four 
times  as  great  as  that  for  Kel-F  at  -420  F.  On  the  other  hand,  Bringer(64),  measuring 
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thermal  contraction  between  room  temperature  and  liquid-oxygen  or  -hydrogen  tem¬ 
perature,  found  that  Teflon  contracts  roughly  twice  as  much  as  Kel-F..  (See  Figure  C-5).  ). 

Kel-F  was  irradiated  (nuclear)  at  cryogenic  temperatures  by  Yasui(^).  At  radia¬ 
tion  exposures  to  2.  6  x  109  ergs  g”l(C),  the  Kel-F  2-mil  film  was  not  significantly  af¬ 
fected  by  irradiation  in  liquid  nitrogen  (see  Figure  C-6). 


affects  of  X-Ray  and  Vacuum 

Low-frequency  loss  properties  of  TFE  polymers  are  drastically  affected  by  X-ray  y 

irradiation.  (63)  High-frequency  loss  properties  are  considerably  less  affected.  In¬ 
creases  in  dielectric  constant  and  dissipation  factor  depend  on  the  ambient  oxygen  con¬ 
centration  during  exposure  and  recovery. 

The  dielectric  constant  and  dissipation  factor  of  Teflon  FEP  resins  are  unaffected  1 

by  X-ray  irradiation  in  vacuum  for  measured  frequencies  of  60  cps  to  100  kepe. 

Figure  C-7  shows  the  effect  of  X-ray  irradiation  in  air  and  in  vacuum  on  dissipa¬ 
tion  factor  of  Teflon.  Recovery  characteristics  are  shown  in  Figure  C-a.  Changes 
dielectric  constant  are  shown  in  Figure  C-9.  In  the  case  of  FEP,  dissipation  factor  and  d 

dielectric  constant  were  unaffected  by  X-ray  irradiation  in  vacuum  (Figures  C-10  ana 
C-ll),  although  physical  and  optical  property  changes  were  evident. 

Measurements  of  electrical  properties  made  during  irradiation  without  <  - moval 
from  ..*!  "  it*-  are  given  by  Bringer(°4).  A  comparison  of  the  eflects  of  X-r  >  irradia¬ 
tion  on  me  dissipation  factor  of  PTFE  in  both  air  and  in  vacuum  are  given  in  i  »gure  C-12.  2 


Eflects  of  Ultra  ,  xolet  and  Vacuum 

Wilcox,  et  al.  ,(*®)  irradiated  Teflon  with  mrnchrornatic  light  in  nitrogen  and  with  0 

a  G30T8  lamp  in  nitrogen  and  in  vacuum.  Data  are  given  in  Tables  C- 17  and  C- 18.  The  i< 

shorter  wavelengths  are  more  damaging  than  the  longer  wavelengths.  Ultraviolet  pro¬ 
duces  greater  changes  in  elongation  than  in  tensile  strength;  irradiation  in  a  vacuum  is 
approximately  14  times  as  severe  as  that  in  nitrogen. 


Phenolic  Resins 


Unfilled  pher.olics  stand  fairly  low  in  radiatior  resistance,  25  per  cent  damage  be¬ 
ing  accrued  at  an  absorbed  dose  of  10^  ergs  g’^(C).  When  irradiated,  they  swell,  be¬ 
come  very  brittle,  and  tend  to  crumble. 


The  addition  of  fillers,  particularly  mineral  fillers,  increases  the  stability  of  phe- 
nolics.  Phenol-formaldehyde  with  asbestos  filler  (Haveg  41)  shows  excellent  radiation 
stability,  being  one  of  the  more  radiation-resistant  plastics.  It  is  unaffected  by  a  radia¬ 
tion  exposure  of  3,  9  x  1010  ergs  g_1(C)  and  is  damaged  by  25  per  cent  at  an  exposure  of 
3.  9  x  1011  ergs  g'^C). 
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Phenolic  laminates  irradiated  to  an  exposure  of  2  k  10®  ergs  g**(C)  at  tempera¬ 
tures  of  600,  700,  800,  and  900  F  showed  flexural- strength  values  equivalent  to  or 
higher  than  those  for  laminates  heated  to  these  temperatures  with  no  irradiation. 

Redeker  and  Van  Sickle(67)  gtudied  the  effect  of  t  ?diation  on  phenolic-mode’  com¬ 
pounds  in  a  fundamental  approach  to  determine  hasic  chemical  reactions  involved.  They 
found  that  the  ring-connecting  methylene  bridges  were  most  easily  broken  when  ortho  to 
a  hydroxy  group.  The  hydrogen-oxygen  bond  appeared  to  be  the  most  labile  to  radiol- 
'/i-is,  followed  closely  by  the  carbon-oxygen  bond.  Their  work  suggested  that,  for  radia¬ 
tion  environmental  applications,  as  many  para  links  should  be  used  in  the  polymer  as  is 
possible.  The  work  also  suggests  that  incorporation  of  polyhydroxybensenes  or  naphtha¬ 
lenes  into  resins  as  a  means  of  providing  energy  sinks  or  dissipators  for  the  absorbed 
radiation  is  desirable. 


Phosphonitrillic  Chloride  Polymers 


Glass-cloth  laminates  with  this  resin  showed  excellent  stability  a*  455  F  and  a- 
exposure  of  6  x  10*®  ergs  g“*(C). 

A  blend  of  this  resin  and  acrylonitrile  showed  excellent  tensile  strength  whe..  irra¬ 
diated  in  air  to  10**  ergs  g"*(C).  However,  elongation  decreased  to  about  25  -i*y  cent 
when  the  blend  was  irradiated  to  2.  5  x  10*®  ergs  g"  *(C).  Elongation  decrear  .  from 
138  per  cent  to  94  per  cent  when  heated  to  1 10  P  for  33  hours  with  no  irradi?  i  nn. 

general  Dynamics^  *)  developed  a  resin  which  is  a  derivative  of  phosphonitrillic 
chlo  de  and  »  ’lich  is  designated  as  AP-Resin-XHU.  The  resin  contains  a  number  of  un- 
reac  ed  pols..  t  -oups  (hydroxyphenyl)  which  can  be  reacted  with  selected  curing  agents 
and  monomeric  or  polymeric  ma.j rials  containing  reactive  constituents.  Blends  of  this 
resin  with  phenolics,  polyesters,  epoxies,  polyamides,  and  many  elastomers  can  be 
prepared.  The  cured  resin  or  resin-polymer  blends  are  reported  to  have  flame  resis¬ 
tance,  high  heat  stability,  high  structural  strength,  and  excellent  environmental 
resistance. 

Several  of  the  phosphonitrillic  chloride  polymeric  blends  were  irradiate  d  both  at 
"oom  temperature  and  at  elevated  temperatures.  A  blend  of  the  AP-Resin  XHU  and 
acrylonitrile  was  prspared  and  irradiated  in  air,  and  immersed  in  5P4E  polyphenyl 
ether  (Monsanto  OS- 124)  at  temperatures  ranging  from  75  to  340  F,  Data  for  this  mate¬ 
rial  are  shown  in  Table  39. 

In  general,  exposure  of  the  blend  to  elevated  ..jmperatures  and  radiation  resulted 
in  an  increase  in  tensile  strength,  elastic  modulus  ^compression),  and  hardness.  How¬ 
ever,  elongation  decreased  from  138  per  cent  to  94  per  cent  when  the  blend  was  heated 
to  110  F  for  33  hours  with  no  irradiation.  When  irradiated  to  2.  5  x  10*®  ergs  g'  *(C)  in 
air  at  this  same  temperature,  elongation  decreased  to  26  per  cent.  Elongation  was 
50  per  cent  when  the  material  was  immersed  in  the  polyphenyl  ether  for  33  hours  at 
110  F  with  no  irradiation.  After  irradiation  to  2.  1  x  10*®  ergs  g~*(C)  in  the  oil  at  110  F 
(33  hours),  elongation  was  30  per  cent.  Glars-cloth  laminates  of  this  resin  showed  ex¬ 
cellent  radiation  stability  at  455  F  to  an  exposure  of  6  x  10*®  ergs  g~*(C).  Data  are  in¬ 
cluded  in  the  section  on  laminates. 
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Polyacetal 


No  radiation  data  were  found  for  this  polymer.  Podlaseck  and  SuhorskyM  gave  the  .  the 

eqvilibrium-weight-loss  rate  for  Delrin  500  and  Delrin  50?  (carbon-black-filled  500);  see  see 

Table  C-4  in  Appendix  C.  Values  were  also  g-.vuu  by  Fulk<17)  in  Table  B-70  (Appen¬ 
dix  B).  These  were  the  only  data  found  for  this  polymer. 


Polyamide  (Nylon) 


Nylon,  tested  in  sheet  form,  reaches  threshold  damage  at  an  absorbed  radiation  of 
8. 6  x  107  ergs  g~  *(C)  and  25  eer  cent  damage  at  4,  7  x  10*  ergs  g“  *(C).  Its  tensile 
strength  increases  with  radiation,  reaching  25  per  cent  increase  at  10**  ergs  g“*(C). 

Nylon  fiber  was  reported  to  have  lost  more  than  50  per  cent  of  its  original  strength 
at  an  exposure  of  8. 5  x  10®  ergs  g"  *(C). 

The  service  life  of  nylon  in  air  can  be  increased  by  the  use  of  antirads  or 
antioidants. 

Nylon  shows  good  heat  stability  in  vacuum. 

Koehler  and  Pefhany^*)  reported  that  nylon  (Zytel  33),  when  irradiated  to  2  x 
10*°  er %'  C)  in  a  dry  atmosphere  was  satisfactory  and  could  be  used  in  gaging  sys¬ 
tem  !  r  reactor  pressure  tubes  designed  to  measure  surface  defects  during  periods  of 
rear. or  »huti>  vn.  A  nylon  ring  used  in  this  equipment  was  also  satisfactory,  although 
its  color  chwng*  3  to  a  brown. 

Although  the  following  data  are  not  concerned  with  the  effects  of  nuclear  radiation, 
they  are  of  interest  with  respect  to  space  applications.  These  include  weight-loss  data 
in  vacuum,  and  the  effect  of  thermal  radiation,  ultraviolet,  and  the  effect  of  fillers  on 
lubrication  properties  of  nylon  in  vacuum. 

The  stability  of  nylon  in  space  environments  will  vary  according  to  the  orocessing 
of  the  material.  However,  in  general,  nylon  is  useful  under  space  condition*. 

Podlaseck  and  SuhorskyM  give  the  equilibrium-weight-loss  rate  as  follows: 


Material 

Temperature, 

C 

Pressure, 

tori 

Equil’t  ’•ium-Weight- 
Loss  Rate, 

g/(sq  cm)(sec)  x  10*° 

Nylon  (Zytel  105) 

50 

5  x  10*6 

0.33 

(carbon-black¬ 
filled  101) 

100 

5  x  10-' 

3.3 

Nylon  (Zytel  31) 

50 

5  x  10-6 

0.89 

(electrical  grade 
nylon) 

100 

5  x  lO-6 

3.3 

Nylon  (Zytel  101) 

50 

5  x  10’6 

0. 94 

(standard  grade 
nylon) 

100 

5  x  IQ-6 

4.2 

n  of 


ngth 
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Jaffe  and  Rittenhouse^81)  gjv<.  the  temperature  for  10  per  cent  weight  loss  per  year  ir 

for  nylon  in  high  vacuum  as  30  to  210  C  (80  to  410  i  ).  He  indicates  nylons  show  high 
decomposition  rates  in  vacuum.  However,  Riehl(57)  states  that  nylon  lost  0.  05  per  cent  t 

wei  _'ht  on  desiccation  and  0.  01  per  cent  more  on  vacuum  exposure.  It  returned  to  its 
original  weight  (<0.  001  per  cent  difference)  on  re-exposn  :e  to  air.  He  thus  claims  that 
vacuum  exposure  served  only  to  provide  more  di  aotic  desiccation. 

Boundyf31)  reported  the  weight  loss  of  Nylon-  101  in  vacuum  (10~8  torr)  at  75,  150.  ).. 

and  300  F.  Even  at  300  F,  the  weight  loss  was  only  about  0. 63  per  cent  (see  Figure  20).  ). 


FIGURE  20.  PER  CENT  WEIGHT  LOSS  VERSUS  TIME  AT  10"6  TORR 
AND  VARIOUS  TEMPERATURES  FOR  NYLON<31) 

Hargreaves^8®)  exposed  Nylon  66  to  thermal  radiation  in  vacuum.  Results  are 
given  in  Table  C-19  in  Appendix  C.  He  found  that  heat  and  vacuum  (10"5  torr)  decreased 
the  over-all  transmission  in  the  220  to  330  mji  range.  The  effect  of  heat  and  vacuum  is, 
first,  to  induce  crosslinking  but  later,  to  induce  chain  scission.  However,  less  than 
2  per  cent  of  the  chemical  structures  are  affected.  Thermal  radiation  in  the  range  of 
180  to  275  C  has  no  significant  effect  on  fhe  melting  point.  Specimens  heated  to  275  C 
darkened,  fused,  and  were  insoluble  in  a  calcium  chloride-methy;  alcohol  solvent.  The 
fiber  was  brittle  and  useless  as  such,  but  the  basic  structure  was  unchanged. 


Wilcox,  et  al.  ,(5®)  found  that  changes  in  tensile  strength  of  nylon  were  produced 
twice  as  fast  by  ultraviolet  in  nitrogen  as  in  a  vacuum  (see  Tables  C-20  and  C-21). 
Blackmon(5)  states  that  nylon  irradiated  in  a  vacuum  (10"?  torr)  with  ultraviolet  for 
91  hours  shows  very  slight  discoloration,  and  retains  good  tear  and  tensile  strengths. 


Because  of  its  stability  in  vacuum,  and  because  of  its  use  as  bearings  which  need 
no  lubrication,  nylon  has  been  examined  for  use  as  a  dry  lubricant  for  space  applications. 
Bowen^)  determined  the  wear  of  nylon  materials  containing  various  fillers.  Tests  were 
run  at  rubbing  velocities  of  4'0  and  230  ft/min.  at  temperatures  of  86  F  and  160  F.  The 
load  on  the  test  block  was  3  pounds  (150  psi  for  a  2-mm  scar  width).  The  atmosphere 
litroren.  The  nylon  which  did  not  contain  a  lubricant  filler  was  unsatisfactory;  it 
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wai  considered  better  with  40  per  cent  M0S2  filler  (Nylasint  144)  than  with  ?0  per  cent 
carbon-graphite  (even  though  the  friction  is  higher  because  of  the  expected  poor  lubri¬ 
cating  qualities  of  graphite  in  a  space  environment).  Outgassing  tests,  however,  indi¬ 
cated  that  Teflon  would  be  more  acceptable  than  the  nylon. 


Polycarbonates 


Lexan  retained  strength  and  toughness  after  an  exposure  of  8  x  10?  ergs  g*  *(C), 
but  these  properties  decreased  rapidly  after  9  x  10^  ergs  g~  *(C).  It  can  probably  be 
considered  as  useful  to  101®  ergs  g” 1  (C). 

Radiation  resistance  ot  Lexan  in  vacuum  is  only  slightly  better  than  that  in  air. 

At  300  F,  polycarbonates  are  superior  to  nylon  with  respect  to  vacuum-thermal 
stability. 

Polycarbonates  have  excellent  impact  strength  and  dimensional  stability  and  re  * 
sist  thermal-oxidative  degradation  up  to  150  C.  They  are  reasonably  good  with  respect 
to  radiation  resistance.  ( *®)  Lexan  (General  Electric  polycarbonate)  retained  most  o f  its 
original  strength  and  toughness  after  irradiation  to  8  x  10^  ergs  g*1  (C).  However,  in 
another  investigation,  a  sample  irradiated  in  airt1*)  was  found  to  have  lost  s'.l  tensile 
strength  at  an  exposure  of  2.  9  x  10 10  ergs  g~ 1  (C).  Oxidation  is  relatively  t  liuor  below 
an  en-.u  o'  8.  8  x  109  ergs  g"l  (C).  Merlon  polycarbonate  irradiated  at  ?r'  F  to  a 
dose  cf  J.  5  x  .0 10  ergs  g'1  (C)  in  air  showed  no  appreciable  change  in  hardness.  Its 
liltin'  ,te  stre>  'th  decreased  from  8590  psi  to  2070  psi.  At  1010  ergs  a"1  (C),  elongation 
deci  ased  fro..'  104  per  cent  to  54  per  cent.  At  an  exposure  of  2  x  10*1  ergs  g‘*  (C), 
the  material  w«.s  too  brittle  to  determine  these  properties.  Thus  it  would  appear  that 
these  materials  would  be  satisfactory  to  an  exposure  of  about  10*°  ergs  g~*  (C),  but  that 
properties  begin  to  fall  off  considerably  above  that  exposure. 

Samples  irradiated  in  vacuum  were  very  brittle  after  an  exposure  of  8.  8  x 
1010  ergs  g~  ‘  (C).  Giberson(71)  states  that  it  is  possible  that  less  than  this  exposure 
dose  would  be  required  to  obtain  this  degradation.  Evidently  the  radiation  stability  ot 
this  polymer  in  vacuum  is  just  slightly  better  than  its  stability  in  air.  Giber  ion  con¬ 
cluded  that  degradation  of  polycarbonates  in  an  irradiation  field  occurs  by  a  chain- 
scission  mechanism. 

Moulton  and  associates^)  studying  the  effect  of  X-ray  irradiation  on  the  optical, 
electron  paramagnetic  resonance,  and  diffusion  prenerties  of  Lexan  found  that  X-ray 
irradiation  induced  cross  linking  rather  than  degradation  of  the  polymer. 

Jaffe  and  Rittenhouse^*)  give  180  C  (350  F)  as  the  temperature  for  10  per  cent 
weight  loss  per  year  in  vacuum,  but  indicate  that  the  basis  for  this  value  is  not  too  re¬ 
liable.  Gloria,  et  al.  ,(60  tested  Lexan  in  vacuum  and  found  its  initial  weight  lose  to  be 
similar  to  that  of  Teflon.  There  was  no  apparent  change  in  physical  appearance  up  to  Its 
heat-distortion  temperature.  The  initial  rates  of  weight  loss  of  Lexan,  epoxy,  nylon- 
phenolic,  and  silica-phenolic  were  found  to  increase  significantly  with  decreasing  mate¬ 
rial  thickness,  indicating  that  the  diffusion  of  the  reaction  products  throurh  the  bulk  of 
the  material  was  a  controlling  factor  in  the  weight-loss  process  of  these  materials. 
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Bountly^1)  determined  the  weight  loss  of  polycarbonate  resin  in  a  vacuum 
(10"”  torr)  at  75,  150,  and  300  F.  Data  are  shown  in  Figure  21.  At  the  higher  tempera 
turas,  polycarbonate  is  markedly  superior  to  nylon  as  far  as  vacuum-thermal  stability 
is  concerned. 
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FIGURE  21.  PER  CENT  WEIGHT  LOSS  VERSUS  TIME  AT 
10*6  TORR  AND  VARIOUS  TEMPERATURES 
FOR  POLYCARBONATE^1) 


Polyesters 


U  filled  pol  lsters  have  poor  radiation  stability,  hardening  and  developing  small 
cracks  under  irrarKation.  Their  properties  begin  to  change  at  approximately  107  to 
108  ergs  g*1  (C). 

Oriented  films  appear  to  have  greater  stability  than  the  random  polymer.  Mylar 
(polyethylene  terephthalate)  has  been  reported  as  reaching  threshold  damage  at  an  expo¬ 
sure  of  4. 4  x  10®  ergs  g*1  (C)  and  25  per  cent  uamage  at  about  8.  7  x  10^  ergs  g*1  (C). 

Irradiation  of  Mylar  in  vacuum  to  8.  7  x  10?  ergs  g*1  (C)  produced  the  8 am  i  damage 
as  4. 4  x  10^  ergs  g“ 1  (C)  in  air. 

Mylar  is  unaffected  during  thermal  aging  up  to  200  C  (39?  FI  b”  Irradiation,  excep. 
at  levels  above  101®  ergs  g"1  (C). 

When  exposed  to  ultraviolet  in  a  vacuum,  Mylar  decreases  in  tensile  strength  and 
elongation. 

Polyesters  are  used  in  laminates  and  in  coatings  and  are  covered  in  those  sections 
of  this  report.  Matacekt7^)  reported  on  work  in  which  cumulative  ftepwise  weight  losses 
were  obtained.  One  of  the  resins  tested  was  unfilled  Paraplex  P-43  polyester.  After  ex¬ 
posure  to  400  F  and  a  vacuum  of  4  x  10*®  torr  for  24  hours,  the  polyester  had  lost 
20  per  cent  in  weight,  and  testing  of  this  material  was  discontinued.  Luperco  ATC  had 
been  used  as  the  catalyst,  and  it  has  been  shown  that  bensoyl  peroxide  can  cause  depoly¬ 
merization  under  proper  conditions.  This  and  the  fact  that  rj  filler  was  present  may 
have  been  part  of  the  reason  for  the  high  weight  loss. 
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Polyethylene  Terephthalate  (Mylar) 


Kerlin  and  Smith^7)  irradiated  Mylar  A  and  Mylar  C  in  air  and  in  vacuum.  Al¬ 
though  earlier  teats  had  shown  irradiation  to  he  less  damaging  in  vacuum  than  in  air 
(part.cularly  with  a  3-mil  film),  later  results  (see  Table  C-22  in  Appendix  C)  would 
indicate  chat  there  is  little  difference  between  imdiation  in  air  and  in  vacuum. 

Yasui<li>  irradiated  Mylar  film,  aluminized  Mylar,  and  several  Mylar  laminates 
at  cryogenic  temperatures.  There  were  no  significant  effects  on  these  materials.  Data 
are  shown  in  Figures  C-13  to  C-15. 


Mylar  capacitors  were  tested  for  performance  characteristics  in  a  nuclear- 
radiation  field  at  Bendix  Systems  Division  of  Bendix  Corporation^3®)  and  at  Litton  Indus¬ 
tries^27).  The  results  of  the  tests  at  Bendix  indicated  that  film  capacitors  were  well 
suited  for  use  in  radiation  environments,  at  least  up  to  an  exposure  of  approximately 


10 


10 


ergs  g*1  (C)  (about  101®  nvft).  Capacitance  and  dissipation  factor  were  little  af¬ 


fected  by  irradiation.  Leakage  resistance  was  reduced  during  irradiation  whenever  the 
reactor  was  at  power,  but  no  permanent  changes  in  leakage  resistance  were  observeu. 
The  capacitors  became  slightly  radioactive  during  the  irradiation;  this  activity  was  suf¬ 
ficiently  small  to  indicate  that  these  capacitors  do  not  present  a  serious  handling  proDlem 
when  used  in  radiation  environments  with  thermal -neutron  shielding.  Litton  Industries, 
on  the  other  hand,  found  that  the  Mylar  film-foil  capacitors  suffered  permanent  degrada¬ 
tion  in  insulation  resistance,  i.  e.  ,  their  insulation  resistance  showed  neglig  vie  recov¬ 
ery  I  >’■  a  ?'ter  removal  from  the  environment.  The  exposure  was  10* 1  c  r.<s  g_1  (C) 
(10*6  r  cm'-,  En  >  2.  9  Mev).  Also,  it  ./as  shown  that  the  electrical  properties  of  ca- 

from  the  same  dielectric  material  but  by  different  manufacturers  differed 


paci*'  .’S  r.-ad 
cons  ierably  f.  -m  one  another. 


Mylar  has  been  found  to  have  extremely  low  outgassing  rates  at  room  temperature, 
similar  in  this  respect  to  fluorocarbons  and  silicones.  Riehl(57)  tested  the  stability  of 
Mylar  under  high  vacuum  (Table  C-23).  Plain  and  aluminum-vapor-coated  Mylar  films 
were  exposed  to  various  temperatures  at  a  pressure  of  10"^  to  10"6  torr  for  a  duration 
of  72  hours.  It  was  found  that  Mylar,  with  or  without  an  aluminum  coating,  exhibited 
only  a  slight  loss  in  flexibility  after  exposure  to  the  test  conditions  at  room  tempera¬ 
ture.  At  100  C,  under  the  same  conditions  of  pressure  and  time,  weight  logos  were 
appreciable.  Both  coated  and  uncoated  films  warped  and/or  wr'  .ded,  and  all  samples 
suffered  appreciable  losses  in  flexibility.  Similar  tests  at  150  C  produced  increased 
weight  losses  and  distortion. 
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Effects  of  Ultraviolet  Radiation 


Versluys,  et  al.  ,(5®)  subjected  Mylar  to  ultraviolet  radiation  at  10"8  torr  to  a  dose  a  dose 

of  50  hours  of  insolation  in  the  1300  to  1850  A  band  and  565  hours  in  the  1 100  to  1300  00 

band.  Weight  loss  was  0.  2  ±  0.  2  per  cent.  Vacuum  exposure  alone  gave  0.  3  ±  0.  3  per  j  per 

cent.  The  released  gas  was  analyzed  by  means  of  a  mass  spectrometer  and  found  to  be  to  be 

nitrogen,  which  was  assumed  to  be  adsorbed  to  the  Mylar 

Table  C-24  shows  the  effect  of  vacuum  and  combined  vacuum  and  ultraviolet  on  on 

Mylar  aluminized  on  one  side,  as  determined  by  Snyder(*0.  Ultraviolet  (770  hours'  s' 

exposure)  caused  a  decrease  of  43  per  cent  in  tensile  strength  and  a  decrease  of 
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88  per  cent  in  ultimate  elongation.  Table  C-25  shows  the  effect  of  ultraviolet  and 
vacuum  on  the  tensile  strength  at  butt-seamed  areas  using  Mylar  tape  with  various 
adhesives. 

Wilcox,  et  al.  irradiated  Mylar  in  nitrogen  and  in  vacuum  with  ultraviolet 
(T^jles  C-20  and  C-21).  Elongation  decreased  faster  for  samples  irradiated  in  nitrogen  ger 

than  it  did  for  samples  irradiated  in  a  vacuum.  Also,  tensile  strength  was  less  affected  ed 

in  vacuum  than  in  nitrogen. 

Blackmon,  et  al.  ,(5)  also  reported  the  effects  of  ultraviolet  and  vacuum  on  Mylar,  arf 

both  metalized  and  nonmetalized.  After  91  hours  at  80  F  and  10~?  torr,  there  was  no 
change  in  the  aluminized  Mylar.  The  imcoated  5-mil  material  turned  brown  and  dis¬ 
integrated  on  handling. 

In  summary,  Mylar  has  iow  outgassing  in  a  vacuum  at  room  temperature.  How¬ 
ever  elevated  temperatures  and,  particularly,  ultraviolet  adversely  affect  weight  loss  !8 

and  tensile  properties. 


Polyethylene 


Polyethylene  is  unaffected  by  radiation  to  an  absorbed  radiation  of  1.  9  x  10^  ergs  >s 

g-1  (C),  and  accrues  25  per  cent  damage  at  9.  3  x  109  ergs  g'1  (C).  Tensile  '.l-.-ngth 
increases  at  first,  but  at  approximately  1.  1  x  1010  ergs  g~*  (C),  it  begins  to  decrease,  s> 

and  is  -r  n*-r  i  mt  lower  than  the  initial  value  at  approximately  10*2  ergs  g*-  >C). 

•olyethv  1  sne  is  subject  to  oxidation  when  irradiated.  As  a  result  it  is  more  stable  uie 

in  va  .tun:  thar.  n  air.  * 

Kerlin  and  Smith(^)  found  that  Marlex  6002,  a  high-density  polyethylene,  irradiated  ited 

in  air  to  exposure  of  10^  ergs  g"*  (C)  decreased  in  elongation  from  907  per  cent  to 
14  per  cent.  However,  in  vacuum,  the  decrease  was  only  to  675  per  cent.  Tensile 
strength  increased  both  in  air  and  in  vacuum  but  the  increase  was  slightly  higher  in 
vacuum.  Data  are  shown  in  Appendix  C,  Table  C-26. 


Gray,  et  al.  ,  W  found  polyethylene,  along  with  silicone  rubber,  to  be  tfc  j  most  ef-  jf- 

fective  seal  for  reciprocating  service  in  a  vacuum  environment.  Leak  rates  were  '’try  y 

low  (5  x  10~5  standard  cubic  centimeters  of  helium  gas  per  second)  after  test  durations  s 

of  30  minutes.  Gray  suggests  that  a  dry  lubricant  such  as  rrv-'lvbdenurfi  disulfide  shou’d  Id 

be  used  to  obtain  good  results.  Polyethylene  \nd  Vinylite  (polyvinyl  chloride),  in  an 
O-ring  configuration,  were  also  effective  in  static  sealing  applications.  They  were  not  >t 

appreciably  affected  by  2-week  vacuum  exposures  at  1  x  10"?  torr. 


Jaffe  and  Rittenhouse^1)  list  polyethylene  and  polypropylene  as  exhibiting  good- 
to-excelleut  behavior  in  high  vacuum.  FulkU?)  determined  the  equilibrium-weight-loss  ss 

rate  for  irradiated  polyolefins  (probably  polyethylene).  Values  are  given  in  Table  B-70  ?o 

(Appendix  B). 

Versluvs,  et  al.  ,(55)  studied  the  effect  of  ultraviolet  on  polyethylene  and  noted 
that  weight  los3  in  vacuum  with  no  irradiation  was  0.  3  ±  0.  2  per  cent,  but  when  irra¬ 
diated,  no  weight  loss  was  observed.  The  exposure  did  nol  change  the  appearance  of  the  the 
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polymer.  The  exposure  of  the  sample  was  equivalent  to  28  hours  of  insolation  in  the 
1300  to  1850  A  band  and  1975  hours  in  the  1100-1300  A  band. 

Wilcox,  et  al.  ,(58)  irradiated  polyethylene  with  ultraviolet  light  in  nitrogen  and  in  i 

va-uum.  A  wavelength  of  244  m/J  was  more  damaging  ih-a  the  314  or  369  mM*  A'oo, 
charges  in  tensile  strength  were  produced  about  three  times  faster  in  nitrogen  than  in  a 
vacuum  (see  Table  C-20). 


Polypropylene 


Polypropylene  has  been  found  to  be  inferior  to  polyethylene  in  radiation  resistance.  e. 

At  an  exposure  of  8.  7  x  10^  erjs  g"  *  (C),  it  has  become  brittle  and  lost  all  of  its  elonga-  i- 

tion  and  most  of  its  tensile  strength. 

Sauer(7*) 

in  his  studies  of  the  effects  of  gamma  irradiation  on  the  dynamic 
mechanical  properties  of  various  polymers  has  shown  that  crosslinking  efficiencies  of 
polypropylene  are  from  one  and  one-half  to  two  times  greater  for  quenc'.od  isotactic 
polypropylene  samples  than  for  annealed  specimens. 


Polyallomei  s 


d  to  an  exposure  of  9.  4  x  1010  ergs  g_1  iC)  at  75  F,  a  propyler  '-ethylene 
tained  only  25  per  cent  of  its  tensile  strength.  Above  2.  8  x  1010  ergs 
its  decreased  and  the  material  became  very  tacky.  Elongation  decreased 
considerably  between  3  x  1q8  ergs  g*l  (C)  and  lt9  ergs  g_1  (C). 


Ir  .  adlcA 
polya’  omer  rr 
g”l  h  ),  hardr 


These  materials  are  defined  as  crystalline  thermoplastic  polymers  produced  from 
two  or  more  different  monjmers.  These  are  not  copolymers  in  the  usual  sense,  nor  are 
they  blends,  but  are  more  like  block  polymers.  One  of  the  more  interesting  of  these  is 
the  propylene -ethylene  polyallomer.  This  polymer  exhibits  many  of  the  best  properties 
of  both  high-density  polyethylene  and  crystalline  polypropylene.  Propylene-ethylene 
polyallomers  are  superior  to  the  linear  polyethylene  in  flow  characteristics,  loftening 
point,  hardness,  stress-crack  resistance,  and  mold  shrinkage.  They  overcome  the 
most  serious  property  deficiencies  of  crystalline  polypropylene,  offering  lower  brittle¬ 
ness  temperatures,  higher  impact  strengths,  and  Icon  notch  sensitivity.  However,  the 
polyallomers  retain  the  desirable  built-in  hinge  effect  that  is  exhibited  by  crystalline 
polypropylene.  Polyallomers  in  many  respect-,  are  as  easy  to  mold  as  crystalline  poly¬ 
propylene  and  easier  to  mold  than  linear  polyethylene. 

In  wire  covering  and  cable  jacketing,  the  propylene -ethylene  polyallomers  offer  a 
good  balance  of  impact  strength,  elongation,  stress-crack  resistance,  and  low- 
temperature  toughness  while  retaining  the  desirable  electrical  properties  of  the  other 
polyolefins. 

Lewis(^)  irradiated  a  propylene-ethylene  polyallomer  at  room  temperature  and  at 
temperatures  of  205  to  250  F.  When  the  ma'erial  was  irradiated  to  9.  4  x  10 10  ergs 
g“  1  (C)  at  75  F,  tensile  strength  decreased  from  4380  psi  to  1 100  psi.  Above  2.  8  x 
10 1*1  ergs  g"l  (C),  hardness  decreased  and  he  material  became  very  tacky.  Elongation 
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decreased  considerably  between  3  x  10®  and  10?  ergs  g'»  (C).  At  250  F,  after  irradia¬ 
tion  to  an  exposure  of  2.  4  x  10 10  ergs  g-1  (C),  the  specimens  were  stuck  to  the  foil 
wrapper  and  tore  easily.  At  200  F,  tensile  strength  decreased  from  4390  psi  to  1300  psi 
at  a-  exposure  of  2.  9  x  109  ergs  g"  *  (C)  while  elongation  decreased  from  688  per  cent  to 
34  per  ce«t  at  an  exposure  of  9.  7  x  108  ergs  g"1  (C).  Data  are  shown  in  Table  40. 
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TABLE  40.  SUMMARY  OF  EFFECTS  OF  IRRADIATION  AT  TWO  TEMPERATURES 
ON  PROPYLENE-ETHYLENE  POLYALLOMER  (CRYSTALLINE 
POLYMER)  (EASTMAN)(aK15) 


Gamma 
Exposure , 
ergs  g"1  (C) 

Temp, 

F 

Hardness^, 
Shore  D 

Yield  Strength^) 
psi 

Tensile 
Strength^ , 
psi 

Ultimate 
Elongatior(a) , 
% 

0 

75 

63.9 

3280/123/15 

4380/482/15 

770/60/15 

3.  2  x  108 

80 

67.  1 

3460/84/15 

4050/493/15 

771/63/15 

1.2  x  109 

80 

69.5 

3470/171/15 

20/5. 7/15 

2.7  x  109 

75 

70.3 

2860/79/14 

5 

8.  3  x  109 

75 

71.6 

2130/122/15 

2-3 

2.8  x  1010 

75 

64.7 

2880/100/15 

22/5/15 

9.4  x  1010 

75 

35.  4<c) 

1100/75/13 

30/9.0/13 

0 

250 

69.7 

3300/44/15 

4390/196/15 

688/40/15 

2.7  x  108 

205 

68.9 

3330/62/14 

3100/469/15 

68’>/22/l  1 

9.  7  x  108 

205 

68.7 

3360/93/15 

3Z  l.’-'l  15 

2.9  x  :o° 

230 

69.4 

1300/135/14 

^mall 

1.W.P  J 

>35 

63.  1 

1400/135/15 

5 

2.  4  y  010 

>45 

(d) 

(e) 

8.0  x  A)30 

,:48 

(d) 

(e) 

(a)  Data  ate  given  as  x/S.D.  /n,  where  x  ->  average  value,  S.D.  ■  standard  deviation  of  an  Individual  observation  estimated 
from  the  range,  and  n  «  number  of  specimens  used  in  calculating  x  and  5.  D. 

(b)  Average  of  30  measurements. 

(c)  very  tacky. 

(d)  Too  tacky  to  measure. 

(e)  Specimens  were  stuck  to  foil  wrapper  and  tore  easily. 


Polyimlde 


Nomex  yarn  (Fiber  HT-1)  was  reported  to  be  unaffected  to  an  exposure  of  3.  3  x 
1010  ergs  g"1  4€). 

At  500  F  and  1.  4  x  109  ergs  g~  1  (C)  gamma  exposure,  the  yarn  retained  45  per 
cent  of  its  elongation  and  62  per  cent  of  its  tensile  strength. 

Polyimide  fiber  l  HT-1  (Du  Pont  Nomex  yarn)]  has  approximately  the  same 
strength  characteristics  as  nylon,  with  greatly  increased  resistance  to  heat  and  gamma 
irradiation.  There  are  no  melt-flow  characteristics  below  750  F.  It  does  not  have 
the  objectionable  melt-drop  characteristics  of  nylon.  Its  strength  is  unaffected  by  expo¬ 
sure  to  3.  3  x  10*®  ergs  g“*  (C)  gamma  irradiation.  No  practical  solvents  for  this  yarn 
are  known  at  present. 
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McGrath^7®)  irradiated  Nomex  yarns  at  100,  400,  500,  and  600  F.  These  were 
then  oven  aged  for  2  hours.  The  natural  yarn  and  two-color  sealed  yarns  were  irra¬ 
diated,  the  colors  used  b>.ing  International  Orange  and  Olive  Green.  Strength  and  elonga¬ 
tion  properties  are  given  in  Tables  C-27  through  C-34  in  Appendix  C.  It  may  be  noted 
in  Tables  C-3C  and  C-33  that  the  natural  yarn  when  irradiated  at  500  F  to  an  exposure  of 
1. 4  x  10^  ergs  g~*  (C)  retained  45  per  cent  of  its  elongation  and  62  per  cent  of  its 
strength.  Variations  between  the  dyed  yarns  and  the  natural  yarns  were  believed  to  be 
due  to  a  variation  in  the  yarns  and  twist  of  the  yarns  rattier  than  to  the  color  process. 


Stephenson,  et  al. ,(??)  irradiated  polyimide  fibers  iHT-1  (Du  Pont)],  poly¬ 
benzimidazole,  and  thiazcle  polymer  (Southern  Research  Institute).  During  ultraviolet 
irradiation  of  HT-1,  no  volatile  products  were  detected.  No  differences  in  degradation 
were  noted  between  irradiations  'n  air,  nitrogen,  or  vacuum  (10*^  and  10"®  torr)  (see 
Figure  C-16).  Exposure  to  «...  rgy  at  a  wavelength  of  369  mp  caused  greater  deteriora¬ 
tion  than  that  at  244  or  314  m^.  ,r radiation  of  polybenzimidazole  fibers  with  253.  7  mp 
light  from  the  G30T8  lamp  produced  greater  deterioration  of  tensile  properties  in  oxygen 
than  in  nitrogen  or  in  vacuum  (see  Figure  C-17).  Irradiation  in  nitrogen  produced  ef¬ 
fects  in  elongation  that  were  intermediate  between  those  produced  by  irradiation  in  oxy¬ 
gen  and  in  vacuum. 


Fibers  of  a  thiazole  polymer  appeared  not  to  be  affected  differently  in  nitrogen, 
oxygen,  and  vacuum.  As  shown  in  Figure  C-18,  no  loss  of  tensile  strength  due  to  X-ray 
irradiation  was  apparent,  but  some  decrease  in  elongation  was  noted. 


Pont  "H"  film,  considered  5or  use  as  a  hydrogen  barrier,  was  irradiated  (nu¬ 
clear)  u.ule  imersed  in  liquid  nitrogen. (13)  Tensile  and  tear  strengths  of  i-mil  sheet 
were  -irmlar  *o  those  of  2-mil  Mylar.  These  properties  were  not  significantly  affected 
by  e-  posnre  t<  2  x  10^  ergs  g*1  (C).  Gata  are  shown  in  Figure  C-19.  Radiation  did  not 
affect  hydrogen  permeability. 

Mathesl7®)  evaluated  wire  insula  ion  for  cryogenic  applications  after  thermal  aging 
in  air  and  vacuum  and  after  moisture  exposure.  Among  the  materials  examined  were 
HML  (a  heavy  aromatic  polyimide  enamel),  HML  asbestos  la  polyimide  solution  (ML) 
coated,  felted  asbestos] ,  and  G’ass/ML  [a  polyimide  solution  (Du  Pont  ML)  coated  glass 
fiber  insulation].  These  were  also  examined  at  cryogenic  temperatures.  The  advan¬ 
tages  of  the  ML  material  is  that  it  has  the  greatest  flexibility  at  cryogenic  temperatures, 
excellent  thermal  stability,  mechanical  toughness,  and  no  measurable  thermal  cut- 
through.  Its  disadvantages  are  that  it  is  available  only  as  a  relatively  thin  film  coating 
and  it  is  somewhat  sensitive  to  moisture.  Evaluation  of  coated  wires  consisted  of  re¬ 
peated  mandrel  flexibility  tests  in  liquid  hydrogen.  Figures  C-Z‘v  and  C-21  give  a  com¬ 
parison  of  breakdown  voltage  in  air,  vacuum,  and  liquid  nitrogen.  Voltage  breakdown  of 
HML  is  not  significantly  affected  by  thermal  aging,  even  at  250  C. 

Buckley  and  Johnsonl®®)  investigated  the  usefulness  of  polyimide  resins  as  lubri¬ 
cants  in  the  space  environment.  To  determine  relative  stability  in  a  vacuum,  some 
evaporation  studies  were  conducted  in  vacuum  to  10*®  torr  and  at  ambient  temperatures 
to  875  F.  Data  are  shown  in  Figure  C-22.  Evaporation  rate  was  less  than  10* 10  g/ 

(sq  cm)(sec)  from  ambient  temperatures  to  500  F.  Above  500  F,  the  polyimide  began  to 
lose  weight  at  an  appreciable  rate,  and  at  875  F,  the  rate  was  too  high  to  follow  with  the 
recorder. 
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Friction  and  wear  studies  were  conducted  in  vacuum  (10^  torr)  with  polyimides, 
sliding  both  on  metals  and  on  themselves.  Although  friction  for  polyimides  on 
Type  440  C  stainless  steel  was  relatively  low,  wear  to  the  polyimide  rider  was  some- 
whs'  high  (Figure  C-23).  However,  the  wear  for  t'hr  polyimide  is  only  one-fifteenth  that 
obtained  with  Teflon,  and  the  friction  is  also  lower. 

With  polyimide  sliding  on  itself,  the  friction  v.as  higher  than  w.th  polyimide  on 
stainless  steel,  but  wear  was  l/500th  that  of  the  po  yimide  on.  metal  (Figure  C-24)., 

A  15  per  cent  graphite-filled  polyimide  composition  was  also  examined  in  friction 
and  wear  studies.  The  presence  of  graphite  in  the  polyimide  did  not  improve  its  lubri¬ 
cating  characteristics;  relatively  high  friction  and  wear  were  obtained. 

Suess  and  Neff^^)  examined  six  insulated  wires  for  use  in  a  space  environment. 
One  of  these  was  "Suroc"  FEP  w/corona  etched,  bonded  "ML  polyimide"  manufactured 
by  Supernant  Wires;  another  was  Teflon  FEP  and  "H"  film  laminated  into  tape  and 
helically  wrapped.  On  the  basis  of  weight  loss,  dissipation  {■'.  tor,  dielectric  constant, 
capacitance,  and  abrasion  resistance,  the  best  selection  appeared  to  be  an  extruded 
Teflon  and  the  FEP-ML  coated  wire.  However,  he  found  that  the  FEP-ML  coating  wts 
quite  sensitive  to  ultraviolet  degradation. 


Polystyrene 


Polystyrene  is  one  of  the  most  radiation  resictan:  of  all  polymers.  It  e>  ►  is 
threshold  dearadation  at  an  esraosure  of  1010  ergs  g“  1  (C)  and  25  per  cent  dairu-  e  at 
greater  t  ah  *•  '  1011  ergs  g,(C). 

►  xposure*  of  1012  ergs  g~  1  (C)  are  required  in  a  vacuum  -o  produce  significant 
change  in  it.*-  infrared  spectra. 

Polvstyrene  film  was  not  affected  at  75  F  by  an  exposure  of  8  x  10^  ergs  g_1  (C). 
At  9.  4  x  10 10  ergs  g-1  (C),  it  retained  54  per  cent  of  its  initial  tensile  strength. 

Lewis^^  irradiated  polystvrene  film  ut  75  F  to  an  exposure  of  9.  4  x  10*®  ergs 
g*  *  (C).  Tensile  strength  did  not  change  appreciably  until  after  an  exposure  of  8  x  109 
ergs  g'l  (C).  At  an  exposure  of  9.  4  x  10 ergs  g“*  (C),  the  polystyrene  retai  led 
54  per  cent  of  its  initial  tensile  strength.  Ultimate  elongation  decreased  from  6.  5  per 
cent  to  3.  2  per  cent  (see  Table  41). 

TAB!  ‘  41.  EFFECT  OF  IRRADIATION  OP  TENSILE  PROPERTIES  OF  PC  •’'■'TvprNE  FILM*1'1) 


Gamma 
Exposure, 
etg*  g'1  (C) 

Temp, 

F 

Tensile  Strength*), 
psl 

Ultimate 
Elongatiorf*),  '% 

0 

75 

1120/40/15 

6. 5/0.29/15 

3.  2  x  108 

75 

1130/32/14 

6.8/0.44/14 

1.2  x  109 

75 

1090/28  A5 

6,3/0.46/15 

2.7  x  309 

76 

1090/37  /IS 

6.4/0.32/15 

8. 3  x  109 

75 

1080/45/15 

6.3/0.40/15 

2.8  x  1010 

75 

976/102A  0 

5.3/0.49/15 

9.4  x  1010 

75 

512/52/16 

3.2/0.25/15 

(a)  Data  ate  given  at  x/S.D,  /n,  where  x  »  avettge  value,  S.D.  '•  .standard  deviation  of  an 
Individual  observation  estimated  from  the  range,  andn=  number  of  specimens  used  in 
calculating  x  and  S,  D, 
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Riehi(57)  found  that  high-impact  polystyrene  lost  only  moisture  in  vacuum  at  room 
temperature  and  at  50  C.  At  100  C,  sustained  weight  loss  occurred. 

Versluys,  et  al.  , (55)  tested  Trycite-1000  film  (Dow  polystyrene  film  -  1  mil)  for 
weig’ t  loss  after  exposure  to  vacuum  and  to  X-ray  in  vacuum.  Weight  loss  in  both  cases 
was  0.  1  per  cent.  The  exposure  did  not  cause  a  change  in  appearance.  Insolation  was 
for  128  hours  for  the  1300  to  1850  A  band  and  3500  .-ours  for  1 100  to  1300  A  band. 

Blackmon,  et  al.  ,  and  Clauss(5>39)  determined  the  effect  of  elevated  tempera¬ 
ture  on  plastic  potting  compounds.  Eccoseal  HI-Q,  a  polystyrene-solvent  system, 
showed  no  visible  effects  after  room-temperature  vacuum  exposure,  but  vigorous  bub¬ 
bling  and  outgassing  resulted  at  170  F  in  vacuum  (10'?  torr).  This  was  probably  due  to 
the  trapped  oolvent. 


Polyurethane 


A  polyurethane  foam  sandwich  sample  showed  no  reduction  in  mecht„.ical  proper 
ties  up  to  10 ^  ergs  g~^  (C),  the  largest  exposure  to  which  the  sample  was  subjected. 

The  compressive  strength  of  a  polyurethane  thermal  insulation  appeared  higher 
when  irradiated  in  vacuum  than  when  irradiated  in  air. 

K«-'in  and  Smith^?^  irradiated  two  polyurethane  thermal-insulation  mater  ils  in 
air  and  b  vacu  .  n.  These  were  tested  for  compression  strength.  Irradiation  •  ■  an  ex¬ 
posure  •{  5  x  ll”*  to  109  ergs  g"  1  (C)  did  not  seriously  affect  this  property.  Compres¬ 
sive  s‘  er.gtli  \vJ  >n  tested  in  a  vacuum  appeared  somewhat  higher.  Data  are  given  in 
Table  C-35,  Appi  .idix  C. 

The  effect  of  nuclear -radiation  exposure  at  cryogenic  temperatures  was  examined 
on  four  polyurethane  foams  by  Yasui.  0*)  The  materials  were  Magnolia  Foam, 

Marfoam,  CPR  20-3  Foam,  and  Douglas  Insulation.  Data  are  given  in  Figures  C-25  to 
C-28.  There  was  no  statistically  significant  difference  between  the  controls  and  irra¬ 
diated  specimens  of  Magnolia  Foam  or  Marfoam.  CPR-20-3  increased  about  39  per  ce-t 
in  shear  strength  in  the  anisotropic  direction.  Yasui  attributes  this  to  the  fact  that  the 
individual  cells  within  the  foam  were  elongated  in  this  direction  and  were  mutually  paral¬ 
lel.  Radiation  did  not  affect  compressive  properties. 

Matacek^®w*  investigated  the  effect  of  humidity  during  cure  u«  a  polyurethane  resin 
(Multron  R-10/Mondur  C)  with  respect  to  weight  loss  in  vacuum.  The  materials  cured 
at  high  humidity  had  a  greater  weight  loss  when  exposed  to  elevated  temperatures  in 
vacuum  than  those  cured  at  low  humidity. 

Clausa  and  Blackmon,  et  al.  ,(5,39)  in  their  investigations  of  encapsulating 
materials,  found  PRC  1535A/B  satisfactory  after  vacuum-temperature  exposure.  The 
material  was  not  irradiated,  but  on  the  basis  of  its  radiation  stability  in  air,  it  would  be 
anticipated  as  being  satisfactory  in  the  combined  radiation-vacuum-temperature  en¬ 
vironment.  They  stated  that  it  had  a  high  mold  shrinkage  and  turned  slightly  brown  after 
170  F  aging.  They  rated  it  as  appearing  satisfactory  as  an  encapsulant. 
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Poly  n- Vinyl  Carbazole 


There  was  no  appreciable  change  when  Grinlan  F  plastic  was  irradiated  tc  ?  x 
10  * 1  ergs  (C)  at  room  temperature. 

Grinlan  F  plastic  (poly  n-vinyl  carbazole)^  i8)  showed  extremely  good  radiation 
resistance  at  room  temperature.  When  the  material  was  irradiated  to  an  exposure  of  ,f 

2  x  1011  ergs  g"  1  (C),  there  was  no  appreciable  change  in  hardness,  specific  gravity,  or 
tensile  strength.  Values  for  the  last  property  were  2900  psi  and  2590  psi  before  and 
after  irradiation,  respectively.  Data  are  shown  in  Table  42. 

TABLE  42.  SUMMA:;'.'  OF  EFFECTS  OF  IRRADIATION  ON  GRINLAN  F 
(POLY  N-VINYL  CARBAZOLE)  PLASTIC^) 


Gamma 


Exposure, 
ergs  g_1  (C) 

Temp, 

F 

Specific  Gravity 
at  25  C 

Hardness^*), 
Shore  D 

Tensile  Strength^), 
psi 

0 

75 

1.  185 

91.5 

2900/206/15 

4.  9  x  108 

75 

1.  187 

88.8 

2630/448/14 

1.8  x  10° 

75 

1.  187 

29.8 

2700/421  i J 

3.6  x  10? 

50 

1.  186 

88.2 

2690/371 '’5 

.  ,  .10 

50 

1.  188 

89.4 

2660/324  '  *5 

3.  5  x  1  J10 

50 

1.  188 

88.9 

2830/132/14 

2.  0  x  i  ‘ 1 

70 

1.  188 

91.3 

2590/274/14 

<«)  /  verage  if  30  measurements. 

(b)  D*u  arc  given  ai  %/S.  D.  /n,  where  *  *  average  value,  S.  O.  «  standard  deviation  of  Individual  obaervation 
etl. mated  from  the  range,  ar.d  n  ■  number  of  specimen!  used  in  calculating  if  and  S.  D. 


Silicones 


Silicone  resins,  used  for  laminates,  coatings,  and  insulating  materials,  an*  not  3t 

seriously  degraded  at  exposures  to  10^  or  10*®  eigs  g’*  (C)  and,  with  the  proper  filler,  ler, 

are  satisfacto™  to  10 ^  ergs  (C). 

The  stability  of  silicones  to  radiation  depend"  upon  their  structure.  The  presence  >nce 

of  phenyl  ".oups  in  the  silicone  chain  increases  radiation  stability,  while  the  presence  of  of 

methyl  groups  increases  flexibility. 

Dexter  and  Curtindale(^)  investigated  the  combined  effects  of  temperature  and  1 

radiation  on  silicones.  Samples  were  irradiated  at  temperatures  of  150  and  200  C. 

Electrical  and  physical  properties  were  tr  easured  24  hours  or  longer  after  removal 
from  the  radiation  source.  Since  time  constants  of  the  decay  of  transient  effects  on  sili-  sili¬ 
cones  are  less  than  10  minutes  and  stable  properties  are  attained  within  1  hour,  tran-  \- 

sient  effects  were  not  considered  in  this  work.  Electrical  properties  were  measured  at  d  at 

room  temperature  and  in  some  cases  at  elevated  temperatures.  Materials  evaluated  l 

included: 
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Silicone  Fluids 


Dow  Corning  200  Fluid,  20  centiatokes 
Dow  Corning  200  Fluid,  1000  centistokes 
Dow  Corning  510  Fluid 
Dow  Corning  710  Fluid 
Sylgard  51  Dielectric  Gel 


Dimethylpolysiloxane 

Dimethylpolysiloxane 

F'.'enyimethylpolysiloxane 

Phenylmethvlpolysiloxane 

Dimethylpolysiloxane 


Silicone  Compounds 

Dow  Corning  4  Compound 
Dow  Corning  5  Compound 

Silicone  Elastomer 

Silastic  1602 

Silicone  Resins 

Dow  Coming  R-7521 

Dow  Coming  980 

Dow  Coming  Sylgard  182 


Silica-filled  dimethyl  silicone 
Silica-filled  phenylmethyl  silicone 


Solventless  resin 

Impregnating  varnish 
Solventless  resin 


Silica  sand  or  zirconium 
orthosilicate  filled 
Glass  cloth  filled 
No  filler 


In  general  the  effect  of  the  elevated  temperature  was  to  decrease  the  r.i.uation  re¬ 
sistant  .a  *•»  material  by  approximately  50  per  cent.  Electrical  properties  of  the  sili¬ 
cone  ’  uids  di  1  not  change  significantly  during  exposure  to  radiation  and  high  tempera¬ 
ture.  (150  to  00  C).  Their  usefulness  is  limited  by  their  increase  in  viscosity.  Effects 
of  tempo  re  tore  md  radiation  on  electrical  and  physical  properties  of  silicone  fluids  are 
shown  m  Figures  C-29  and  C-30  in  Appendix  C. 

Silicone  insulating  compounds  are  used  as  sealing  materials  in  electronic  apparatus 
and  as  a  water- repellent  surface  coating  for  ceramic  insulators.  The  phenylmethyl 
based  compounds  gelled  after  a  radiation  emosure  of  4  x  10^  ergs  g"1  (C)  1 40  megarads] 
at  room  temperature,  2  x  10^  ergs  g"1  (C)  at  150  C,  or  10^  ergs  g'1  (C)  at  200  C.  The 
expected  life  of  a  dimethyl  based  compound  is  about  one-half  of  this.  Electri  :ally, 
neither  compound  was  significantly  affected  by  radiation  doses  in  excess  of  tue  gelation 
dose.  Data  are  ehown  in  Figures  C-31  and  C-32. 


Silastic  1602  is  discussed  in  the  section  on  silicone  eiasi.  r.ors,  while  R-7521  is 
included  in  the  discussion  on  potting  compounds.  Data  on  the  effects  of  temperature  and 
radiation  on  the  various  silicones  are  shown  graphically  in  Figures  C-29  to  C-37. 

Silicone  resins  are  also  used  in  laminates,  coatings  and  seals.  As  such,  they  are 
discussed  under  those  headings  in  this  report.  According  to  Jaffe  and  Rittenhouse^1), 
the  temperature  for  10  per  cent  weight  loss  per  year  in  vacuum  for  methyl  phenyl  sili¬ 
cone  resins  is  greater  than  380  C  (710  F).  Jaffe  lists  silicone  resins  along  with  Teflon, 
polyethylene,  polypropylene,  and  Mylar  as  showing  good-to-excellent  behavior  in  high 
vacuum.  Podlaseck  and  Suhorsky^'  show  the  equilibrium  weight  loss  for  silicones  at 
elevated  temperatures  (see  Table  C-4).  At  atmospheric  pressure,  these  losses  appear 
high,  but  in  a  vacuum  they  are  considerably  lower  and  within  a  usable  range. 
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Vinyl  Polymers 


Polyvinyl  chloride  (PVC)  is  equivalent  to  polyethylene  in  its  radiation  stability. 

It  properties  begin  to  change  at  a  radiation  exposure  o."  1.  9  x  10^  ergs  g“*  (C),  while  it 
is  damaged  by  25  per  cent  at  an  exposure  of  1.  1  x  1C*®  ergs  g"  1  (O). 

Tensile  strength  of  PVC  is  not  affected  urtil  it  is  given  a  radiation  dose  higher  than 
that  which  affects  polyethylene.  However  the  tensile  strength  of  PVC  decreases  more 
rapidly  than  that  of  polyethylene,  whereas  its  elongation  decreases  less  rapidly  than  that 
of  polyethylene. 

The  liberation  of  hydrogen  chloride  when  PVC  is  irradiated  makes  this  material 
unsuitable  for  many  applicat'  .v’S  in  a  nuclear  environment. 

Aitken  and  associates^®  investigated  the  effect  of  plasticizer,  filler,  and  stabil¬ 
izer  on  the  radiation  resistance  of  polyvinyl  chloride.  Two  levels  of  radiation  exposure 
were  used,  10*®  ergs  g"1  (C)  and  2  x  1010  ergs  g*1  (C).  The  polymer  used  for  this 
study  was  Geon  101.  Fillers  were  carbon  black  (Vulcan  black  XXX),  n-ecipitated  w^’t- 
ing  (97  per  cent  CaCOj,  99.  98  per  cent  passes  200  mesh),  china  clay  (Stockalite),  ana- 
tase  titanium  dioxide  (Tiona  G),  and  rutile  titanium  dioxide  (Runa  R.  G. ).  Plasticizers 
studied  were  tritolyl  phosphate  (TTP),  Reopiex  100  (a  seLacate  polyester  used  in  formu¬ 
lations  which  require  maximum  extraction  resistance),  and  dioctyl  sebacate.  Stabilizers 
included  white  lead  paste  ground  in  DOP  (dioctyl  phthalate)  in  a  ratio  of  7: 1  ‘  \  eight  and 

used  “  a  *evel  of  8  parts  per  hundred  parts  of  polymer,  and  "Stabilizer  Mb  t'.re1',  a 
nonlea  *  mixt.  re  normally  designed  to  confer  thermal  stability  to  PVC  form,  .ritions. 

This  mixture  consisted  of: 


_ Material _  Parts  by  Weight 

Organic  tin  (Stanclere  DBTL)  1.  2 

Organic  cadmium  (Ferroclere  202)  0.  4 

Epoxidized  oil  (Ferroclere  900)  1.0 

The  mixture  -vas  used  at  a  level  of  2.  6  parts  per  hundred  parts  of  polymer. 

Plasticizer-polymer  ratios  of  35/65  and  45/55  by  weight  were  used,  levels  of 
filler  were  10  per  cent  and  20  per  cent  by  weight  of  the  total  (plasticizer  plus  polymer). 

None  oi  the  interactions  reached  the  level  of  significant.-  i  i  changes  of  tensile 
strength.  However,  on  the  basis  of  elongation  and  tensile  values  before  and  after  radia¬ 
tion,  the  following  conclusions  were  reached: 

(1)  Plasticizer  Type  and  Content 

Tritolyl  phosphate  showed  the  least  degradation;  the  average  drop 
in  elongation  was  only  8  per  cent  after  lx  10  ergs  g"  *  (C)  and  25  per 
cent  after  2  x  10*°  ergs  g‘*  (C).  Reopiex  100  lost  36  per  cent  and 
59  per  cent,  respectively,  under  the  same  radiation  exposures.  Only 
dioxtyl  sebacate  (DOS)  showed  a  decrease  in  tensile  strength. 

Tri-xylyl  phosphate  has  been  shown  to  be  identical  in  radiation 
stability  to  tri-tolyl  phosphate. 


Plasticizer  content  may  be  adjusted  to  suit  the  requirements  of 
the  formulation.  Fcr  a  given  plasticizer,  the  decrease  in  elongation 
was  independent  of  the  plasticizer  concentration.  (Note  that  plasti¬ 
cizer  ratios  used  were  35/65  and  45/55  parts  by  weight  of  plasticizer 
and  polymer. ) 

(2)  Filler  type  and  content 

No  filler  gave  a  better  resistance  to  the  degradative  effect  of 
radiation  than  was  obtained  in  the  absence  of  filler,  but  china  clay 
and  titanium  dioxide  (anatase)  gave  compounds  that  were  no  worse 
than  those  without  filler,  whether  judged  on  the  basis  of  actual  elonga¬ 
tion  after  exposure  or  on  the  basis  of  retention  of  initial  elongation. 

Carbon  black  gave  a  very  low  initial  elongation  which  was  well  re¬ 
tained.  Whiting  is  very  poor  in  retention  of  elongation  and  shared  with 
carbon  black  the  lowest  actual  elongation  after  exposure. 

Addition  of  filler  produced  a  small  proportional  diminution  of  the 
initial  elongation,  and  the  average  effect  of  exposure  to  radiation  was 
proportional  to  this  initial  elongation  and  independent  of  the  filler  con¬ 
tent  (zero  to  20  per  cent  filler). 

(3)  Stabilizer 

With  Reoplex  100  plasticizer,  stabilizer  Mixture  X  is  to  be  \»-o- 
>r-  rd;  with  tritolyl  phosphate  there  was  no  difference  between  thi-  •-wo 
stai’ilizers. 

(4)  Coh  stability 

With  respect  to  color  only,  the  best  filler  was  anatase  titanium 
dioxide,  the  best  plasticizer  was  DOS,  the  best  stabilizer  was  Mixture  X. 

The  best  individual  formulation  was  DOS  with  anatase  titanium  dioxide 
and  stabilizer  Mixture  X. 

Specimens  containing  precipitated  whiting  were  almost  as  good  as 
those  with  titanium  dioxide.  One  effect  observed  was  that  the  wire 
staples  holding  the  specimens  to  the  card  were  rusted  and  corroded  in 
nearly  all  the  specimens  except  those  containing  whiting.  There  was 
«ery  Uttle  exudation. 

Versluys,  et  al.  ,(^5)  found  no  weight  loss  in  ■»  2-mil  polyvinyl  chloride  film  after 
exposure  to  a  vacuum  of  10"®  torr  for  8  hours  at  ambient  temperature.  No  weight  loss 
was  observed  after  exposure  to  ultraviolet  for  a  total  insolation  of  120  hours  in  the 
1300  to  1850  A  band  and  2140  hours  in  the  1100  to  1300  A  band. 

Blackmon,  et  al.  exposed  pigmented  polyvinyl  fluoride  and  polyvinyl  chloride 
to  ultraviolet  for  96  hours  in  a  vacuum  of  3  x  10*'  torr  at  80  F.  The  fluoride  film  dark¬ 
ened  slightly,  but  no  appreciable  change  in  flexibility  or  tear  strength  was  noted.  The 
film  retained  an  excellent  appearance.  The  FVC  film,  however,  turned  brown,  and 
voids  and  blisters  from  exuded  plasticizer  becamt  evident.  The  film  had  a  poor 
appearance. 
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Matacek^^  in  his  report  on  studies  to  determine  the  vacuum  volatility  of  or?- 
resins  indicated  that  VMCH,  a  vinvlchloride- acetate  copolymer,  lost  60  per  cent  of  its 
weight  when  exposed  to  a  temperature  of  300  F  for  34  hours.  Polyvinyl  butyral  (Vinyl - 
i-.e  XYHL)  lost  40  per  cent  of  its  weight.  This  temperature  is,  of  course,  high  for  these 
r„  iterial*,  but  this  would  show  their  limitations  for  spa^e  applications. 
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TABLE  A-13.  TENSJLE  STRENGTH  OF  DYNALAM  LAMINATES^1  > 


Type* 

Exposure 

Gamma,  Neutron, 

ergs  g-i(C)  n  cm'^  (E>2.9) 

Irrad. 
Temp,  F 

Tensile  Strength**,  psi 

Sheet  1  Sheet  2 

A 

Controls 

Controls 

75 

39,411/4,528/6 

31,163/2,453/8 

A 

5.6  x  1010 

5.  2  x  1015 

120 

36,894/6,650/5 

29, 372/2, 26t/5 

A 

1.7  x  101! 

1.7  x  1016 

130 

38,317/3,082/5 

29,559/1,258/5 

A 

Controls 

Controls 

450 

vl,157/7,724/5 

20/-'.  ,  5,226/5 

A 

o 

o 

7.  2  x  JO15 

455 

28,160/3,494/5 

22/. '0/1,826/5 

B 

Co:,  rols 

Controls 

75 

40,073/8,633/5 

32,080/4,173/3 

B 

5.6  x  1010 

5.  2  x  1015 

120 

44,047/4,184/4 

32,706/4,870/5 
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1.7  x  10n 

1-7  x  1016 

130 

41,297/11,674/4 

3 1,563/3,502/5 

B 

Controls 

Controls 

450 

30,822/2,988/3 

21,962/2,735/5 

B 

6.0  x  1010 

7. 2  x  10 ’ 6 

455 

30,684/4,995/4 

21,252/3,953/5 

•A  -  with  curing  agent 
B  -  without  curing  agent. 

"Data  are  given  ai  x/5.D,  /n,  where  7  -  average  value ,  S.  D.  =  standard  deviation  o!  an  «... '« idual  observation  estimated  rom 
the  range,  and  tt  «=  numbet  of  specimens  used  in  calculating  x  and  S.  D, 


TABLE  A- 14.  EFFECT  OF  TEL  ■'  'RATURE  AND  VACUUM  ON  LA 


A-';  4 


Phenolic  41RPD,  Temperature  400  F  "  6.1*  Increase 

asbestos  Pressure  4.3  x  10“* 

Time  at  pressure  5.5  hours 


Ipoxy  with  glass  fabric  Type  181  glass  fabric,  E-787  U.  S.  Polymeric 
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TABLE  A-17.  SUMMARY  OF  PROPERTY  CHAN*-  FOP  MATERIALS  IRRADIATED  AND  TESTED 
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TABLE  A- 1“-.  I  Continued) 
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TABLE  A- 19.  TEST  ENVIRON'  »i;\.  5  AND  RESULT  OF  STATIC  TESTS: 
STRUCTURAL  LAMINATES!7) 
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5.9(9)  1.18(14)  6.56(14)  23  280  424  150  l(-3) 

(vacuua  Irradiation)  352  447 


TA3LE  A- 20.  FLEXURAL,  STRENGTH  OF  LAMINATES  AFTER 

EXPOSURE  TO  VACUUM  AND  VARIED  INTENSITY (35> 
OF  ULTRAVIOLET  RADIATIuN 3 5 


Radiation 

Falling 

on  Specimens, 
pyrons 

Time  of 
IL.poi>i'.re, 
hours 

Average*  Ultimate 
Flexural  Strength, 
psi 

Average*  Flexaral 
Modulus  x  106, 
psi 

Polyester  P-43  Laminate 

Control 

0 

59,300 

2  4 

2 

125 

61,800 

2.  6 

3 

125 

64,400 

2.  8 

A 

25 

50, 100 

2.  5 

5 

3 

24,200 

- 

6 

3 

-- 

- 

Epoxy  Epon  815  Laminate 

O 

0 

8*. 400 

3.8 

2 

125 

84,700 

3.  8 

3 

125 

84,000 

3.8 

4 

25 

57,600 

3.  5 

5 

3 

39,800 

- 

6 

3 

-- 

- 

Phenolic  CTL-91  Laminate 

0 

0 

63,900 

3.  6 

2 

125 

61,700 

3.  6 

■i 

125 

56,700 

3.  5 

4 

25 

49,500 

3.  0 

5 

3 

57,100  _ 

3.  2 

6 

3 

-- 

- 

#  Average  of  four  .specimens. 
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TABLE  A-21.  COMPRESSIVE  STRENGTH  OF  LAMINATES 

AFTER  EXPOSURE  TO  VACUUM  AN£  VARIED 
INTENSITY  OF  ULTRAVIOLET  RADIATION 3 5 


Radiation 

Falling 

on  Specimens, 
pyrons 

Time  of 
Exp^  sure, 
hours 

Average* 

Compressive 

Strength, 

psi 

Average* 
Compressive 
Modulus  x  106, 
psi 

Polyester  ] 

P-43  Laminate 

Control 

0 

40,900 

3. 5 

2 

125 

47,300 

3.  1 

3 

125 

51,900 

3.2 

4 

25 

40,800 

3.  1 

5 

3 

39,900 

3.  1 

6 

3 

-- 

- 

Epoxy  Epon 

815  Laminate 

0 

0 

53  900 

3.5 

2 

125 

48,400 

3.5 

3 

125 

51, 300 

3.  5 

4 

25 

Is) 

CO 

O 

O 

3.  4 

5 

3 

44,200 

3  4 

6 

3 

-- 

Phenolic  CTL-91  Laminate 

0 

0 

44,800 

3.5 

2 

125 

39,400 

3.  5 

3 

125 

39, 300 

3.  5 

4 

25 

31, 500 

3.4 

5 

3 

32, 600 

3.4 

6 

3 

*  * 

“ 

*  Average  of  four  specimens. 


TABLE  A-22.  LAMINATE  PANELS  F.'  -PARED  WITH  ULTRAVIOLET  ABSORBERS ( l<*> 
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(a)  Average  value/standard  deviation  on  an  individual  basis. 
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Ter  ted  under  itmoephenc  conditions. 
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TABLE  A-32.  EFFECT  OF  VACUUM  AND  GAMMA  RADIATION 
ON  SEALS<35> 


Specimen 

No. 

Code 

W  eight 

Change, 

percent 

Change  in  Shore 
Durometer  Hardness 

1A 

Alleghany  Plastic 

-.  01 

- 

B 

Teflon  X 

0 

- 

2A 

TDXE  121  No.  72 

1. 08 

-2 

B 

Acrylonitrile 

1. 06 

-1 

3A 

50%  Teflon 

-.  01 

-3 

B 

Loaded  XIT351 

-.  04 

-3 

4A 

TDXE- 35  No.  74 

1.  16 

-  it) 

B 

Acrylonitrile 

1.  10 

-7 

5A 

Rubber 

-.  85 

-9 

R 

366  YV 

85 

-4 

6A 

En-Jay  Butyl 

-.09 

+  2 

XI  351 

-.09 

+  2 

/  m 

Rubber 

0 

-14 

1 

5  24 A 

0 

-7 

8A 

Linear 

0 

-1 

B 

Copolymer  XP-9-13 

0 

-1 

9A 

Parker 

1. 00 

-10 

B 

B-496-7 

1. 00 

- 

I0A 

Rubber 

1. 00 

+  2 

B 

524A 

1.  00 

+  4 

I1A 

Neoprene 

-.  53 

0 

B 

No.  74  Compound 

1. 007 

0 

12A 

Neoprene 

1. 009 

0 

B 

No,.  72  Compound 

1 .  Of? 

0 

13A 

Rubber 

86 

+  1 

B 

366  YV 

-.79 

+  2 
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TABLE  A-33.  FLUOROBESTOS  TEST  DATA(a)W 
I.  Compression  Tests  {Federal  Test.  Method  601-3331) 


Specimen  No. 

Compressibilitv , 
percent 

Recovery, 

percent 

Control  Test 

1 

800.  0 

94.  6 

2 

590.  0 

91.  5 

3 

325.  0 

95.  4 

4 

1.  150. 0 

91.  3 

Average 

716.  2 

92.  2 

Irradiated  Specimens 
[109  erg/ g(C)] 

1 

331. 8 

95.  9 

2 

657.  1 

93.  5 

3 

500.  0 

95.  0 

4 

940.  0 

93.  6 

Average 

607. 2 

94.  5 

II 

Specimen  No. 

Tensile  Tests  (Strain  Rate  =  0, 

Elastic  Elongation 

Limit,  in  1  in.,  Hardness, 
psi  percent  Shore  B 

.  1  in.  /min) 

0.  2%  Offset 
Yield  Strength, 
psi 

Ultimate 

Stress, 

psi 

Control  Test 

1 

2,  156 

2.  0 

93.  0 

1,927 

2,  226 

2 

1.847 

8.0 

92.  0 

1,667 

1,964 

3 

2,053 

2.  0 

92.  0 

1,681 

2,257 

4 

1,982 

6.  0 

89.  0 

1,429 

2,  i.'O 

Average 

2,009 

4.  5 

91.5 

1,676 

2,  206 

Irradiated  Specimens 
[lO9  er  g/g(C)] 


U 

1 

495 

0 

86.  0 

542 

554 

2 

957 

2.0 

85.  0 

1,081 

1,  106 

3 

1,005 

4.  C 

86.  0 

1,130 

1,  176 

4 

1,058 

3.  0 

66.  0 

1,128 

1, 222 

Average  1,007 

3.  0 

85.7 

1,113 

1,  168 

(a)  All  specimens  0,  07- 

(b)  Data  from  Specimen 

inch  thick  (nominal). 
No.  1  not  included  in 

average.  Specimen 

defective. 


TABLE  A-34.  TESTS  WITH  ELASTOMER  SEALS*8) 


Seal  Type 

Sample 

S  atic 
Leakage 
(std  cc 

Dynamic 
Leakage 
(std  cc 

No. 

Test  Duration 

He/ sec) 

He  /sec) 

Reciprocating  Seals 
Neoprene 

1 

Start 

0.80 

0.  20 

30  min 

2.40 

1.  00 

2 

Start 

0.  54 

0.  24 

30  min 

0.  95 

0.  08 

3 

Start 

0.  22 

0.  o45 

30  min 

0.  0095 

0.  014 

Silicone  Rubber 

1 

Start 

0.  19 

0.  38 

30  min 

0.  26 

0.  33 

2 

Start 

0.  87 

1.  50 

10  rnin  (test  stopped,  leakage  rate  greate. 
than  10  ssd  cc/sec) 

3 

Start 

2.  50 

3.40 

30  min 

4.90 

4.  30 

Viton  A 

1 

Start 

1.40 

0.  60 

40  min 

0.  02 

0.  20 

2 

Start 

0.  35 

0.  65 

30  min 

0.  13 

0.  17 

3 

Start 

0. 9001 

0.  20 

35  min 

0.  50 

0.  10 

Kel-F 

1 

Start 

1. 00 

0.  12 

20min  (sealfailure) 

- 

2 

Start 

0.31 

0.  07 

lOmin(sealfaj.'iure)  - 

- 

3 

Start 

0.  19 

0.  14 

lOmin(sealfailure)  - 

- 

Buna  N 

1 

Start 

0.  36 

0.  03 

30  min 

0.  10 

0.  032 
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TABLE  A- 34.  (Continued) 


Seal  Type _  Sample 

No. 


Static 
Leakage 
(std  cc 

Test  Duration  He/sec) 


Dynamic 
Leakage 
(std  cc 
He/ sec) 


Reciprocating  Seals 
Buna  N 


Butyl 


Pc' /ethylene 


Vinylite 


Rotating  Seals 
Kel-F 


2 

Start 

0.  55 

0.  040 

30  min 

0.  10 

0.  15 

3 

Start 

0.  32 

0.  24 

30  min 

0.  1  n 

0.  18 

1 

Start 

0.  80 

0.  28 

30  min 

0.  02 

0  06 

2 

Start 

0.  22 

0.  2.0 

30  min 

0.  038 

0.  038 

3 

Start 

0.  004 

C.  03 

30  min 

0.  4? 

0.  50 

1 

Start 

0. 0001 

0.  00b 

30  min 

0. 0001 

0.  012 

2 

Start 

0. 0001 

0.  004 

30  min 

0.  002 

0.  01 

3 

Start 

0.  2 

0.  10 

30  min 

0. 0001 

0.  005 

1 

Start 

0. 0090 

0.  20 

30  min 

0. 0040 

0.  60 

2 

Start 

0. 0010 

0.  01 

30  min 

0. 0010 

0.  02 

3 

Start 

0. 0010 

0.  03 

30  min 

0.  0010 

0.  01 

1 

Start 

0.  28 

0.  50 

30  min 

0.  30 

1. 00 

2 

Start 

0.  26 

0.  48 

30  min  (seal 

destroyed 

0.  16 

by  wear  and  abrasion) 
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TABLE  A- 34.  (Concluded) 


Seal  Type 

Sample 

No. 

Static 
Leakage 
(std  cc 

Time  Duration  He /sec) 

Dynamic 
Leakage 
(std  cc 
He/ sec) 

Rotating  Seals 

Kel-F 

3 

Start 

0.  14 

0.  38 

30  min  (seal  destroyed 

- 

by  wear  and  abrasion) 

Silicone  Rubber 

1 

• 

Start 

0.  044 

0.  06 

30  min 

0.  35 

0.  80 

2 

Start 

0.  15 

C.  26 

30  min 

0.  25 

0.  54 

3 

Start 

1. 00 

1. 00 

30  min 

0.  28 

o  : 

V*  4‘*-' 

1 

Start 

0.  i4 

C.  ';3 

30  min 

0.  01 

0.  02 

2 

Start 

0.  032 

0.  10 

30  min 

0.  016 

0.  019 

3 

Start 

0.  10 

0.  22 

30  min 

0.  008 

0.  02 

Kel-F  Elastomer 

! 

Start 

0.  28 

0.  50 

30  min 

0.  30 

1.0 

2 

Start 

0.  34 

0.  38 

30  min 

(a) 

(a) 

3 

Start 

•I  ?6 

0.46 

30  min 

(a) 

(a) 

Teflon 

1  &  2 

Start 

0.  1 

(a) 

30  min 
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Table  B-14.  ELASTOMERS  TESTED  FOR  EFFECTS  OF 
HIGH  TEMPERATURES  IN  A  VACUUM9 


Elastomers 

Silicone  (DC  651,  916,  2071),  a  poiysiloxane  high  polymer  useful 
over  the  temperature  range  of  -1308F  to  500 *F, 

Adiprene  ("L'1  and  "C"),  a  urethane  polymer  useful  over  the  tem¬ 
perature  range  of  -658F  to  175°F. 

Buna  N,  an  acrylonitrile -butadiene  polymer  useful  over  tempera¬ 
ture  range  of  -608F  to  200 8  F. 

Butyl  (K-121  and  K-1330),  an  isobutylene  isoprene  polymer  useful 
over  temperature  range  of  -?0°F  to  250°F. 

Neoprene,  a  chloroprene  polymer  useful  over  the  temperature 
range  of  -60"F  to  2008F. 

Viton  A-U-74.  a  copr’-'mer  of  vinylider.e  fluoride  and  hex,\fluoro- 
propylene  useful  c.er  the  temperature  range  of  -47°1  ;o  5008F. 

Silicon  sponge,  closed  cell  recommended  for  use  from  -100°F 
to  4808F. 


Table  B-  15.  EFFECT  OF  LOW  PRESSURE  AND  HIGH  TEMPERATURES  ON  SPACE 
VEHICLE  ELASTOMERS^ 
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Table  B-  17.  RECIPES  AND  CURE  SCHEDULES  OF  THE 
FLUOROELaSTOMERS  (VITON  A)  USED  IN 
THE  IRRADIATION  STUDIES47 

Compound  Data  -  Fluoroelastomer 


Compound 

150-62 

Compound 

151-62 

Compound 

152-62 

_ Recipe,  parts  by  weight _ 

Viton  A 

100 

100 

100 

MT  black 

25 

60 

— 

GPF  black 

— 

— 

60 

MgO 

15 

15 

15 

HMDAC 

1.5 

1.5 

1-25 

Cure  Schedule 

All  compounds  were  press  cured  for  30  minutes  at  3 00  F, 
and  post  cured  for  28  hows  at  -400  F. 
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(3)  Value  found  by  sxtrapolation. 

(4)  Combined  radiation  intend*-!. 
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Table  B-22.  CHANGES  IN  PROPER  ”ES  OF  NITRILE  RUBBER  IRRADIATED  IN 
VACUUM  AND  IN  AIR 6 
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Table  B- 23.  EXPOSURE  OF  NITRILE  RUBBER  VULCANIZATES  TO  HIGH  VACUUM 
AT  VARIOUS  TEMPER  "'URFS45 
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Table  B.-26,  RECIPES  AND  CURS  SCHEDULES  OF  THE 
POLY CHLORGPR.ENES  USED  IN  THE 
IRRADIATION  STUDIES47 

Compound  Data  -  Polychloroprenes 
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Cure  Schedule 
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Cure  temperature,  P 
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Table  B-Z8.  PHYSICAL.  PRC  5  RTIHS  OF  COMPOUND  139-62 
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Table  B-30.  PHYSICAL  PRr  PARTIES  OF  COMPOUND  159-62 
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Observati ons :  Condition  3>  smoky  brovn  discoloration  on  face  toward  UV  lamp .  Condition 
purplish  discoloration  on  both  faces  of  specimens . 


Table  B-32.  EFFECTS  OF  VACL  AT  D  OF  VACUUM  WITH  ULTRAVIOLET 
RADIATION  JN  EI.ASTO.  :RS*(46) 
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Table  B-35.  CURE  SCHEDULES  OF  THE  POLYSULFIDES 
USED  IN  THE  IRRADIATION  STUDIES47 
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Curing  Data 

Recipe,  Parts 
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10 

VI  compounds  above  were  cured  at  room  temperature  for 
..  least  one  week  before  exposure. 


B-55 


i 


3 


.4 

CM 

vO 

rO 

l A 

H 

s 

22 

s 

'O 

70 

ro 

1 

1 

1 

1 

1 

m 

rl 

01 

ro 

CM 

CM 

i 

1 

+• 

9 

♦ 

•f 

R 

6l 

v3 

P\ 

L'N 

3 

3 

ia 

CM 

v8 

5 

1 

♦ 

i 

l 

I 

♦ 

<& 

CM 

1 

3 

13 

§ 

rO 

i 

co 

t- 

CO 

"“co 

-4. 

lA 

o 

CO 

U 

'S 

r4 

Ol 

CO 

1 

i 

♦ 

! 

•* 

1 

a 

3 

1 

s 

§ 

a 

? 

* 

CM 

1 

co 

1 

H 

1 

s< 

CO 

R 

CO 

k 

lA 

8 

& 

*“o 

*o 

*0 

*3 

*3 

f-l 

H 

H 

H 

rl 

rl 

X 

X 

X 

X 

X 

X 

os 

-4 

rl 

H 

OP 

t*- 

.4 

VO 

VO 

-4* 

•' », 

>'* 

-4- 

a 

s 

CO 

On 

a 

CM 

"  a, 

CM  Pm 

Pm 

o 

r— 

•  Pm 

Is 

SR 
>  01 

Pm 

O 

h- 

<4  CM 

>* 

o 

t- 

U  a. 

SJ 

S'  r 

n 

+  a 

♦i 

fi 

4  r 

^8 

H 

^8 

-c8 

^8 

>VJ 

r-t 

H 

H 

f-l 

H 

CM 

C  > 

-4 

IA 

VO 

r 

i 


a 


i 

« 


I 


i 


i 

4 


2 


► 


i 


(3)  Value  found  by  extrapolation. 
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TABLE  B-41.  ELASTOMERS  -  TENSILE  PROPERTIES**)  OF  PU  3109B  AND  PU  6865 
VERSUS  POSTIRRADIATION  STORAGE  TIME'48' 
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in  calculating  x  and  S.D. 

(b)  Irradiation  and  storage  temperature  75  F. 

(c)  Tett  temperature  75  F. 
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.  TABLE  B-J6.  POLYURETHANE  RUBBERS  -  TENSILE  PROPERTIES(a)  OF  D1SOGRIN  3DSA  8050  AND  3DSA  904‘ 
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TABLE  B-47.  POLYURETHANE  RUBBERS  -  TENSILE  PROPERTIES^3)  OF  D1SOGR1N  2DSA  8445  A  Nil  2DSA  9840 
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DICup  40  C 
MAF  Carbon  Black 


TABLE  B-53.  FLUB  SOAK  IRRADIATION  -  EFFECTS  ON  TENSILE  PROPERTIES'**  OF  GENTHANE  S- 

AND  BUTADIENE-ACRYLONrTRILE(48) 
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TABLE  B-54.  FLUID  SOAK  IRRADIATION  -  EFFECTS  ON  TENSILE  PROPEITIESfa>  OF  DISOGRIN. 
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(a)  Data  are  given  as  x/S.D./n,  where  x  =  average  vaiu„.  S.D.  =  standard  deviation  of  i  ...>  .  i>  i  ■  bservation  estimated  from  the  range,  a.id  n  =  number  of  speci¬ 
mens  used  in  calculating  x  and  S.D. 

(b)  Test  temperature  80  F. 

(c)  Immersion  media. 

(d)  Cantrol  data  not  reported. 


TABLE  D-5S.  FLUID  SOAK  IRRADIATION  -  EFFECTS  ON  TENSILE  PROPERTIES*3)  OF 
GENTHANE  130R.  THIOKCL  ST.  AND  WADC-ll*48) 


(d)  Control  data  not  reported. 
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PROPERTIES')  •'  VERSUS  TEMPERATURE  ANf"  r'_.DIATION 


TABLE  B-59.  SILICONE  RUBBERS  -  TENSILE  PROPERTIES^*  OF  DC-916  VERSUS  TEMPERATURE  AND  IRRADIATION^) 
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TABLE  B-60.  SILICONE  RUBBERS  -  TENSILE  PROPERTIES^)  OF  SE-3S1  VERSUS  TEMPERATURE  AND  IRRADIATION^8) 
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TABLE  B-ttl.  SILICONE  PUBBERS  -  TENSILE  PROPERTIES^)  OF  SE-551  VERSUS  TEMPERATURE  AND  IRRADlATION<48> 
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Data  arc  given  as  3t/S.D./n.  where  *  ** average  value,  S.D.  *  standard  deviation  of  inc  \.» dual  observation  estimated  from  the  range,  and  n  »  number  of  speci¬ 
mens  used  in  calculating  x  and  S.  D. 


TABLE  B-6‘2.  SILICONE  RUBBERS  -  TFNSILE  PROPERTIES'31  iv  LS— S3  VERSUS  TEMPERATURE  AND  IRRADIATION^1 
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(a)  Data  are  given  as  x/S.  D. /n,  where  x  =  average  value,  S.D.  =  standard  deviation  of  indivic  -  observation  estimated  from  the  range,  and  n  =  number  of  speci¬ 
mens  used  m  calculating  \  and  S.D. 

(b)  Test  temperature  80  F. 


TABLE  B-63.  SILICONS  RUBBERS  -  TEAR  STRENGTH-  >  O  RSUS  IRRADIATION  AND  TEMPERATURE^48) 
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(a)  Data  are  given  as  x/S.D./n,  where  x  =  average  value,  S.D.  =  standard  deviation  -  *  ’“•<‘,'idual  observation  estimated  from  the  range,  and  n  =  number  of  specimens 
used  in  calculating  x  and  S.D. 

(b)  Test  temperature  80  F. 
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TABLE  B-66.  NITRILE-ML1CONE  RUBBER  NSP.-X5802  -  ENGINEERING  TEST  PROPERTIES*3-'  VERSUS 
IRRADIATION  TEMPERATURE  AND  IMMERSION  MEDIA  (AIR  AND  JP-t  FUEL)*48) 


B-90 


(*)  Data  arc  given  a,  x/S.D./n.  where  x  =  average  value.  S  D.  =■  standard  dc-iation  of  1  -  .  '  nervation  estimated  from  .he  range,  and  n  =  number  of  snec. 

mens  used  in  calculating  *  and  S.  0. 

(b)  Test  temperature  F. 
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TABLE  B-68.  COMPRESS  SDN  C'.CLING  OF  ELASTOMERS^3  DURING  IRRADIATION48 


Integrated  Neutron 
F'uxfN),  n  cm'2 
(£  >  0.33  Mev)<b> 

Noncycled 

Uncompressed 

1  Noncyclei  Compressed 

Cycled  Compressed^0) 
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Exposure  (0), 
ergs  fkcfV 
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Time,  hr 
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Deflection, 

lb/in. 
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lb/in. 

Compression 
Set,  <J> 

Load- 

Deflection, 

lb/sn. 

Compression 
Set,  ■£> 

NSR-X5602W) 
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7.2/16  /3 
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3 

2900/3.9/4 
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11.9/  /I 

Hvcar  1001<O 
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01-14 
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DC-Slo^ 

C  itrol 
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2056/7.1/4 

2431/9  /4 

64  /II  /4 

N  2  8  X  1014 

G  4.2  x  108 

3 

1968/6.2/4 

2363/6.2/4 

51.1/12  /4 

N  4  x  1014 

G  4.5  X  108 

2276/3.9/2 

64.6/1.2/2 

N  3.3  x  1014 

G  K.3x  10® 

3 

2460/7,3/2 

43,3/1.6/2 

(a)  Data  ere  given  asx/S.  D, /n,  where  x«  average  value,  S.D,  »  standard  deviation  of  individual  observation 
estimated  fru.;.  the  range,  and  n"  number  of  specimens  used  in  calculating”  end  Z. r-. 

(b)  Ambient  radiation  temperature. 

(c>  Number  of  cycles  are  as  follows: 


Numbe-  of  Cycles 


Material 

Power  Level  ' 

Before 

Irradiation 

During 

Irradiation 

After 

Irradiation 

Total 

NSR-X6602  • 

r  Control 
!  3000  kw,  1  hr 

8,600 

4,460 

920 

14,000 

13,980 

^  1000  kw,  1  hr 

920 

11,680 

900 

11,700 

Hycar  1001  • 

f  Control 

3000  kw,  1  hr 

3,600 

3,600 

3,600 

10,800 

10,800 

l  1000  kw,  3  hr 

900 

10,800 

— 

11,700 

Control 

3000  kw,  1  hr 

900 

3,600 

900 

5.400 

6.400 

DC -916 

1000  kw,  3  hr 

9  900 

10,800 

9uu 

12,600 

.  Control 

12,600 

(d)  Test  temperature,  80  F. 
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TABLE  B-70.  WEIGHT  LOSS  IN  VACUUM.  PRESSURE  <5  x  10'6  mm  HgCn) 
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B-95 


s 


B-96 


TABLE  B-7C-  ..Continued) 
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(1)  See  Table  B-l  for  formulation. 
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Table  B-72. 

PRESS  AND  POST  CURE  SCHEDULES  OF  THE 
SILICONES  USED  IN  THE  IRRADIATION  STUDIES  47 

Compound 

Curing  D*t?. 

39-62 

Conductive  3ilicone;  post  cure  24  hours  at  410°F 

56-62 

Press  cure  10  minutes  at  25j°F;  post  cure  3 
hours  at  400 “F 

58-62 

Press  cure  '0  minutes  at  250°F;  post  cure  24 
hoars  at  480° F 

105-62 

Press  cure  5  minutes  at  240°F;  post  cure  24 
hours  at  48C'°F 

106-62 

Post  cure  12  hours  at  480°F 

107-62 

Pos.  cure  24  hours  a  480°F 

109-62 

Post  cure  4  hours  at  4?0'F 

i  'J  -  O 

Post  cure  16  hours  at  300 °F 

'11-6/ 

Post  cure  24  hou  -*  at  4»0'F 

120-62 

Room  temperature  vulcanizing  silicone 

147-62<a> 

Room  temperature  vulcanizing  silicone 

148-62V°) 

Room  temperature  vulcanizing  silicone 

149-62^(a) (b) c) 

Low-density  room-temperature  vulcanizing 
silicone 

(a)  96  parts  compound,  4  parts  curing  agent 

(b)  100  pares  compound,  0.5  parts  Thermolite  T-12 

(c)  100  parts  compound,  10  parts  accelerator 
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(3)  Value  found  by  extrapolation. 

(4)  Combined,  radiation  intended. 
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(4)  Ccebined  radiation 
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(3)  Value  found  by  extrapolation. 
(4.)  Combined  radiation  Intended. 
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(3)  Vali*  found  by  extrapolation, 
(ii)  Ccnbined  radiation  intended. 


£-111 


*0 

0) 

r) 
«— « 
u 

C! 

o 

U 


•o' 


« 

4) 

H 


si 


tJ  >> 

H  o 
o  a 

■si* 

41  d  (j 

!  QJ  • 
4i  =  4)  O  m 

_  a  «  a 
a  a)  -p  p  « 

O  L 

tI  4-1  bO  4)  O 
•P  O  0  4)  fl 

3£i;i  « 

a  si  q 
U  r)  to  4)  -H 

i  nzi 

to  o  c  o 

ft  ft.p  O 
H  5?  »  o 

i54»§° 

fl  S  ,  4)  4) 

MO 

(0  odd 
a)  4 
<D  co  b0  O 

3s31tf 


M  W 

§■  - 

l«l! 


o  o 


ass 


rw 


&S 


4>  O  CQ  tt 

£112  5  8 
S3%5 


a 

j\q  o  o  o 
1  H  tJ  +>  '3 


I 


o  -p 


Note;  Continued  on  next  pr^e. 
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Note:  Continued  on  next  page. 
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Note:  Continued  on  next  page. 


TABL.E  3-8’ .  (C  ntinued) 


(3)  Valun  fouad  oy  ertrapolat icn . 

(4)  Combined  radiation  inteaied. 
Note:  Continued  on  next  page. 
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TABLE  B-R3.  PHYSICAL  PROPERTIES  OF  COMPOUND  56-6‘/41) 


(4)  Combined  radiation  Intended 
Note:  Continued  on  next  p<.^e. 
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FIGURE  6-1 


Helium  Permeability,  atnri-cm5/(sec)(cm2Xcm) 


0  200  400  600  800  1000  I2CO 


Equ'valent  Hour.,  of  Exposure  to  Solar  Ultra 
violet 

A-4B933 


CHANGE  IN  PERMEABILITY  ON  EXFGoOrr  TO  ULTRAVIOLE 
RADIATION  AT  VARIOUS  TEMPERATURE  LEVELS  - 
VITON  "A"<4) 


FIGURE  B TENSILE  STRENGTH  AND  ELONGATION  FOR  P> /LYURETHANE  IRRADIATED  IN  VACUUM 


000 


FIGURE  B-3.  STRESS/STRAIN  CURVES  FOR  POLYURETHANE  IRRADIATED  IN  AIR^50) 


Hardness, 


Radiation  Exposure,  megarads 
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FIGURE  B-  6.  EFFECTS  OF  GAMMA  RADIATION  ON  PHYSICAL  PROPERTIES 
OF  SILAS' TC  1602(36) 
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TABLE  C-2.  PHYSICAL  PROPERTIES  OF  ACRILAN  IRRADIATED 
IN  NITROGEN  WITH  MONOCHROMATIC  LIGHT'58' 


Incident  Energy, 
joules/cn2 

"wavelength, 

m« 

•*••1 

Tensile 

Strength, 

10 3  psi 

Young's  Modulus, 
10s  psi 

Elongation, 
per  cent 

0 

- 

33.4 

3.97 

24 

179 

369 

34.3 

3.18 

20 

1269 

369 

36.0 

3.37 

36 

2200 

369 

34.6 

4.49 

18 

5644 

369 

33.8 

3.06 

48 

1082 

314 

34.0 

1.12 

38 

58 

244 

36.0 

33 

193 

244 

31.5 

0.82 

30 

225 

244 

34.6 

1.45 

11.5 

649 

244 

18.6 

2.83 

14 

TAB.. T.  C-3.  PHYSICAL  PROPERTIES  OF  ACRILAN  IRRADIATED 
WITH  G30T8  LAMP<58> 


Irradiation  Time,  Tensile  Strength,  Young's  Modulus,  Elongation, 
hours  103  psi  1C5  psi  per  cent 


Irradiated  in  Nitrogen 


0 

33.8 

3.97 

24 

24 

35.4 

3.51 

24 

CO 

25.4 

■_ 

16 

162 

23.7 

3.85 

19 

rradiated  in 

a  Vacuum 

5 

31 .7 

2.30 

30 

67 

29.9 

1.92 

28 

91 

29.0 

3.78 

18 

149 

27.0 

4.42 

18 

C-3 

Table  C-4.  SUMMARY  OF  EQUILIBRIUM  WEIGHT  LOSS  DATAW 


Material 


Equilibrium  Weight 

Temperature  Pressure  Loss  Rate 

(C)  (tO‘vr)  (gm/cm2/sec  x  101®) 


Phenolic 

121 

760 

ND 

12 1 

9-5  *  10"* 

0.4 

121 

2.2  x  10“2 

0.9 

177 

760 

56.1 

in 

9-5  x  10"1 

16.0 

177 

4  x  10'2 

15.3 

177 

10-5 

15.0 

204 

760 

30.1 

204 

9-5  x  10“1 

8.6 

204 

'  4.6  x  10"2 

6.5 

204 

1.2  x  10"5 

6.5 

Epoxy 

121 

760 

ND 

121 

9.5  x  10"1 

1.1 

121 

7  x  10“2 

1.0 

177 

760 

11.4 

177 

9.5  x  lorl 

4.7 

* 

177 

4  x  10"S 

5-0 

177 

10"5 

4.3 

204 

760 

97 

204 

9.9  x  10-1 

25 

204 

3.6  x  l(r2 

20 

204 

icr5 

19 

Tefxon 

149 

760 

ND 

204 

760 

ND 

204 

9.5  x  10-1 

0.2 

Diallyi  Phthalate 

149 

760 

12.1 

149 

9.5  X  10"! 

3.5 

149 

2.3  x  lor2 

2.0 

149 

10*5 

1.1 

177 

760 

20.9 

177 

9.5  x  10"1 

6.0 

177 

1.6  x  icr2 

12.1 

177 

10“  5 

7-7 

Mylar 

149 

760 

ND 

149 

i<r5 

ND 

Silicone 

177 

760 

3-9 

177 

9.5  X  10”1 

2 

177 

k  x  10“2 

0-9 

177 

io-5 

ND 

TABLE  C-4.  (Continues1) 


Material 


Temperature 

(c) 


Pressure 
ton 


Equilibrium  Weight 
Loss  Rate 
— 2/  — „  i nlO 


204- 

•if  r* 

JUV 

46.8 

204 

9.5  x  10T-L 

9.6 

204 

1.6  x  10-2 

3-5 

204 

10-5 

7.3  > 

232 

760 

232 

9.5  x  10-1 

232 

6.0  x  IQ-2 

232 

10-5 

5.7 

Viton  A 

177 

20 

Irradiated  polyolefin 

^  5  10"6 

0-13-0.20 

Wire  insulation  N)l02E 

18-2.3 

Irradiated  polyolefin  si 

^’T^jLtcable  50 

5  x  10“6 

C.18 

Tubing  type  RNF^.'I’^Ol 

100 

5  x  10"6 

1.1 

Nylon  105) 

50 

5  x  10"6 

0  -.3 

x 

100 

5  x  10-6 

;.3 

s 

rlpiall  1286  molding 

50 

5  x  10-6 

0.44 

Compound 

100 

5  x  10“6 

18 

Irradiated  polyolefin 

50 

0.472 

Experimental  type 

100 

22-23 

Delrin  500 

50 

100 

5  x  l(r6 

0.56 

5.5 

Epiall  1459  epoxy 

50 

5  x  10-6 

0.72 

Molding  compound 

100 

1-31 

Nylon  (XITEL  31) 

50 

100 

5  x  10“6 

O.89 

3.3 

Nylon  (ZYTEL  101 ) 

50 

100 

o.yt 

4.2 

Delrin  507 

50 

100 

5  x  10"° 

1.4 

4.4 

l  '' 


C-5 

TABLE  C-4.  (Concluded) 


Material 

Temperature 

(c) 

treasure 

(torr) 

Equilibrium  Weight 
Loss  Rate 
(gm/cm^/sec  x  lO^-O 

DAP  type  3-2-530 

50 

5  x  10"6 

1.75 

100 

3.3^ 

DAP  type  52-01 

50 

5  x  10-6 

2 

100 

5  x  10“° 

4.4 

DAP  type  1-530 

50 

5  x  10-6 

100 

-  "~"iJ*3 

DAP  type 

50 

5  x  1CT6 

2-3 

ICO 

3.06 

Devcou  F  epoxy 

50 

5  x  10”6 

2.5 

Room  temperature  cure 

100 

5 

p  A  r  ,  pr  "U  ^ 

50 

4.2 

ioo 

3-1 

A.  mctrong  .‘poxy 

50 

10.6 

Room  tempei iture  cure 

100 

17.8 

Phenolic  laminate 

50 

10.3-12.2 

Grade  XX  natural 

100 

24.8 

Phenolic  laminate 

50 

5  x  1C"6 

IO.8-H.7 

Grade  LB  103 

100 

8.9-9. 5 

Phenolic  laminate 

50 

13.3-14.4 

Grade  LBB  natural 

100 

10.6-12 

Epiall  1552 

100 

5  x  10"6 

12.6 

Melding  compound 

C-7 


TABLE  C-6,  FLUOROCARBON  PLASTICS  •-  COMPARATIVE  PROPERTIES^64) 


Property 

PTFE 

PFEP 

PCTFE 

Crystalline  Melting  Point,  C 

327 

285 

220 

Specific  Gravity 

2.1322.20 

2.14-2.17 

2.10-2.16 

Tensile  Strength,  psi 

1500-3000 

1500-3000 

4500-5500 

Elongation,  per  cent 

150-450 

250-330 

100-175 

Compressive  Strength,  psi 

at  0.2%  offset 

_ 

mm 

5500 

at  1.0%  offset 

600 

7850 

at  2.0%  offset 

- 

1400 

8400 

Coefficient  of  Friction 
against  steel 

0.04 

0.08 

0.43 

Hardness,  Shore  D 

65 

55 

80 

Diele  cric  Constant 

2.10 

2.10 

2.59 

Diss.pation  Fa-tor  (1000  cps) 

<0.0002 

<0.0002 

0.0215 

Moisture  Absorption,  per  cent 

0 

o  . 

0 

Water  Vapor  transmission  Rate 

10  mil  film,  100%  R.H.  at  25  C, 
gms/lOO  in2/24  his/mi 1 

0.310 

0.030 

Maximum  Recommended  Service 

Temperature,  F 

500 

400 

390 

Chemical  Resistance 

Inert  to  most  chemicals  and 

Impervious  to  corro¬ 

i- 

solvents  with  the  exception 
of  alkali  metals.  Halogena- 
ted  solvents  at  nigh  tempera- 

sive  chemicals}  nighly 
resistent  to  most 
organic  solvents. 

)hly 

tures  and  pressure 
some  effect. 

have 

Swelling  may  occur  with 
some  highly  halogenated 
and  aromatic  compounds. 

wi  t!i 
lated 
inds. 

(b)  Ambient  irradiation  temper  tunc. 
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TABLE  C-12.  TENTATIVE  ASSIGNMENTS  OF  INFRA-RED 
FEAKS(82) 

Infra-red  Peak  (cm'1)  Due  to 

Irradiation  in: _  Tentative 

Vacuum  Air  Assignment 

3472  COOH 

3096  COOH 

--  1880  enhanced 

1757  COOH 

1350  1350 


981. 8 


933.7 


) 

)  Unsaturation? 
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TABLE  C-15.  EFFECT  OF  NUCLEA1'  "  A.MATION  ON  FLUOROCARBONS^'7’ 
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C-2 1 


-15  (Concluded) 
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TABLE  016.  VACUUM  DATA  FROM  OTHER  WORK*63) 


Mo  1  %  Gases  Evolved 


'.'/eight  of 
Samples, 
gm 

Temperature, 

C 

KP 

CO2 

N2 

O2 

Volume  of  Gas* 
cc/gm 

Teflon  TF£» 

0.5010 

71 

12.07 

62.51 

25.42 

0.0067 

0.9010 

180 

14.10 

— 

64.64 

21.26 

0.0164 

0.9010 

200 

6.28 

1.78 

72.88 

19.06 

0.0172 

*  Pressjra  at  10“6  mm  Hg. 


TABLE  C  17.  PHYSICAL  PROPERTIES  OF  TEFLON  FILMS  IRRADI¬ 
ATED  WITH  MONOCHROMATIC  LIGHT*58) 


Incident  Energy, 

3^0.  '  rm7 

Wavelength, 

mg 

Tensile 
Strength, 
103  psi 

Young's  Modulus, 
10*  psi 

Elongation, 
K-r  cent 

5?.  3 

244 

10.4 

142 

244 

11.36 

4.4 

178 

103.0 

244 

9.08 

4.6 

120 

252.0 

244 

6.52 

5.6 

44 

0 

- 

4.02 

0.0965 

1164 

5644 

369 

4.14 

0.167 

850 

649 

314 

4.40 

0.144 

950 

1180 

314 

3.68 

0.174 

745 

132 

244 

3.68 

0.0832 

725 

300 

244 

3.48 

0.076 

700 

497 

244 

3.08 

800 

Each  of  the  observations  recorded  was  an  average  of  two  separate  measurements, 
except  for  the  controls,  which  were  averages  of  8-10. 
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Relative  viscosity  =  Nr  =  viscosity  of  the  solution/viscosity  of  the  solvent 
Viscosity  of  the  solvent  CaCl2-CH32H  =  30.85  cp. 

Inherent  viscosity  =  Nj.  =  1  r#*x/c* 
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TABLE  C-20.  PHYSICAL  PROPERTIES  OF  PLASTIC  FILMS 

IRRADIATED  WITH  MONOCHROMATIC  LIGHT^58) 


Tensile 

Energy.  Wavelength,  Strength,  Y  oung's  Modulus,  Elongation, 
joules/ cm2  mp  10’1  psi  105  psi  percent 


Polye 

thylene  Irradiated  in 

Nitrogen 

0 

- 

5.  52 

5.  90 

512 

179 

369 

7.04 

2.49 

270 

2200 

369 

7. 49 

4.  6 

342 

3160 

369 

5.77 

4.  62 

343 

475 

314 

5.59 

4.  95 

290 

623 

314 

6.  28 

2.  25 

290 

1053 

314 

4.  09 

4.  92 

225 

87 

244 

5.86 

5.  39 

95 

290 

244 

4.  05 

6.  17 

50 

400 

244 

2.  07 

4.  93 

16 

Poly. 

hvlene  Irradiated  in 

a  Vacuum 

5 '.7 

244 

7.41 

4.  09 

232 

595 

244 

7.48 

5.  51 

190 

M^lar 

Irradiated  in  Nitrog< 

ei» 

0 

- 

17.  3 

2.  64 

46 

1269 

369 

20.  J 

1.  32 

36 

3096 

369 

7.  68 

1.  36 

40 

585 

314 

14.  46 

1.5 

17 

921 

314 

6.  30 

7.75 

18 

58 

244 

16.7 

2.  47 

47 

57 

244 

15.  6 

2.  io 

28 

225 

244 

12.46 

2.  69 

7 

314 

244 

12.  1 

3.  02 

11 

Mylar 

Irradiated  in  a  Vacuum 

6.56  1.42  11 


1375 


'144 
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TABLE  C-21.  PHYSICAL  PROPERTIES  OF  PLASTIC  FILMS 
IRRADIATED  WITH  A  G3CT8  LAMP(58) 


Irradiation  Time 
hour 

,  Tensile  Strength. 
103  psi 

loung's  Modulus, 
10s  psi 

Elongation: 

percent 

A. 

Polyethylene 

Irradiated  in  Nitrogen 

0 

5.  52 

5.  90 

512 

8 

6.  24 

4 , 47 

550 

24 

4.  32 

2.  ?‘v 

200 

47 

2.  82 

5.  62 

95 

72 

2.  08 

4.95 

6 

154 

1. 57 

3.9 

7 

B. 

Polyethylene 

Irradiated  in  Vacuum 

22 

6.24 

5.70 

520 

48 

4.  82 

5.73 

270 

68 

5.02 

i  13 

1°: 

168 

3.  28 

3.21 

C. 

Tc'lon  Irradiated  in  Nitrogen 

V, 

4.  02 

0. 0965 

1164 

92 

4.00 

-- 

1086 

120 

3.90 

0.0972 

750 

559 

3.79 

0.0968 

770 

D. 

Teflon  Irradiated  in  a  Vacuun 

40 

3.  80 

0.0564 

1160 

68 

3.  46 

-- 

-• 

139 

3.  04 

0. 0590 

520 

146 

2.  85 

0.057 

500 

16/ 

2.  59 

0. 0519 

520 

E. 

Nylon  Irradiated  in  Nitrogen 

0 

,  8.  32 

2.46 

131 

42 

8.  96 

3.  31 

135 

78 

6.  32 

3.08 

80 

180 

3.  56 

6.  17 

14 
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TABLE  C-Z.1.  (Concluded) 


Irradiation  Time,  Tensile  Strength.  Young's  Mou’Tus,  Elongation, 
hour  103  psi  105  p3i  percent 


F.  Nylon  Irradiated  in  a  Vacuum 


8 

8.  36 

2.2 

230 

24 

?.  92 

3.75 

260 

68 

7.  06 

3.75 

182 

140 

7. 04 

5.73 

161 

190 

6.  8 

11.03 

111 

G.  Mylar  Irradiated  in  Nitrogen 


0 

17.  3 

2.  64 

46 

22 

13.  5 

1.28 

21 

45 

13.  6 

-- 

14 

161 

10.  5 

1.98 

12 

192 

9.7 

1. 37 

2 

•T.  Mylar 

Irradiated  in  a  Vacuum 

28 

18.  0 

1.89 

54 

68 

17.  5 

1.63 

58 

120 

15.  6 

1. 30 

30 

172 

14.  0 

2. 14 

11 

190 

13.  8 

1.90 

14 
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Specimen  failure  did  not  ov.uir  in  seam. 


TABLE  C-26.  TEST  ENVIRONVE?  "S  AND  RESULTS  OF  STATIC  TESTS 
HIGH  DENSI'l  POLYETHYLENE*7) 
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TABLE  C-21.  STRENGTH  PROPERTIES  OF  NOMEX  YARNS  FXPOSED  TO  ELEVATED 
TEMPERATURE!  ?6) 


Tenacity,  Strength  Retained, 


arami/denier 

Int.  Olive 

Int.  Olive 

Natur',  Orange  Green  Natural 

Orange  Grc*n 

Original 

5.92 

5.  £5 

5. 56 

Original  T  2  Hr  at  400  F 

5.54 

6.03 

6.83 

93.6 

103. 01 

104.4 

Original  +  2  Hr  at  500  F 

5.09 

5. 50 

4.20 

85.9 

94.0 

15.5 

Original  +  2  Hr  at  GOG  F 

2.13 

3.29 

2. 86 

31.0 

56.3 

51.3 

TABLE  C-28.  ELONGATION  PROPERTIES  OF  NOMEX  YARNS  EXPOSED  TO  ELEVATL  . 
TEMPERATURE*?6) 


Elongation, 

_ ± _ 

Int.  Olive 

Natural  Orange  Green 


Elongation  Retained, 

_ ± _ 

Int,  Olive 

Natural  Orange  Green 
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TABLE  C-29.  STREn  TH  PROPERTIES  OF  NOME*  YARNS  EXPOSED  TO  GAMMA  RADIATION  AND/OR 
ELEVAT'D  TEMPERATURE (400  F)<76) 


Tenacity,  Strength  Retained, 

r.'emv/denler _  _  ___ft _ 


Int. 

Olive 

llll. 

Olive 

Natural 

Orange 

Green 

Natural 

Orange 

Green 

Original 

5.92 

5. 85 

5. 58 

Or’.giral  +  2  Hr  at  400  F 

5.54 

6.03 

5. 83 

93.6 

103. 07 

104.4 

/- - n  A..  i/.8(a) 

wniiu>ii|  »•  w  A  av 

C  Aft 
•a.  Oli 

5. 35 

5.69 

89.8 

101.7 

101.9 

Gamma,  7. 0  x  108  +  2  Hr  at  400  F 

6.22 

6.46 

5.7C 

105.06 

110.4 

102.1 

Gamma,  7.0  x  108/400  F(b) 

6.30 

5.54 

5. 81 

82. 5 

94.7 

104.1 

Gamma,  7.0  X  108/400  F  +  2  Hr  at  400  F<b> 

5.40 

5.82 

5. 51 

91.4 

99.5 

98.8 

Gamma,  7.0  x  108/400  F  +  ?  Hr  at  500  F 

4.41 

5.26 

2.38 

74.5 

89.9 

42.7 

Gamma,  7.0  x  108/400  F  +  2  Hr  at  600  F 

2,56 

2.87 

2.3^*) 

43.3 

49.1 

42.7 

Gamma,  1.4  x  10®(a) 

6.71 

5.75 

5.62 

96.5 

98.3 

100.7 

Gamma,  1.4  x  10®  +  2  Hr  at  400  F 

5. 58 

5.98 

5.  5£ 

94.3 

102.2 

100.0 

Gamma,  1.4  x  10®/400  F 

4.76 

5.54 

3.31 

80.5 

94.7 

59.3 

Gamma,  1.4  x  10®/400  F  +  2  Hr  at  400  F 

4.02 

5.04 

2.98 

67.9 

86.2 

53.4 

Gamma,  1.4  x  i0®/400  F  +  2  Hr  it  507  F 

5.11 

4.25 

CO 

GO 

86.4 

'  '..7 

42.7 

Gamma,  1.4  x  10®/100  F  +  2  Hi  at  600  F 

3.47 

3.73 

2. 92s ' 

58.6 

63.8 

52.5 

(a)  Normal  operating  temperature,  apptox,  100  F. 

(b)  F  imllcatei  gimm?  and  temperature  titrultaneouily 
♦  hours  at  F  Indicates  oven  aging. 

(c)  ’rayed  and  brittle. 

Nor  Gamma  exposure  in  ergs  g_1(C). 


TAP;  C-30.  STRENGTH  PROPER!  IRS  OF  NOMEX  YARNc  TXPOSED  TO  GAMMA  RADIATION  AND/OR 
ELEVATED  TEMPERATURE (500  F)(7C) 


Tenacity,  Strength  Reuined, 


grams  /denier 

ft 

Int.  Olive 

Int.  Olive 

Nitural  Orange  Green 

Natural  Orange  Green 

OriglrM 

5.92 

5.85 

5. 58 

Original  +  2  Hr  at  500  F 

6.09 

5. 50 

4.20 

85.9 

94.0 

75.6 

Gamma,  7.0  x  108 

5.32 

5.95 

5.69 

89.9 

lul.7 

101.9 

Gamma,  7. 0  x  108  +  2  Hr  at  500  F 

4.60 

4.74 

2.0 

77.7 

81.9 

35.° 

Gamma,  7. Ox  108/500  F 

4.68 

5.0 

3. 14 

79.1 

85.6 

56.3 

Gamma,  7. 0  x  108/600  F  +  2  Hr  at  400  F 

4.52 

4.9 

2. 7i" 

76.4 

83.8 

49.5 

Gamma,  7.0  x  108/500  F  +  2  Ht  at  500  F 

4.34 

4.8 

3.3rfb: 

■|U.4 

82.1 

60.3 

Gamma,  7.0  x  108/500  F  +  2  Hr  at  600  F 

3.43 

3.09 

3.1!*b> 

07.9 

63.1 

56.1 

Gamma,  1.4  x  10® 

5.71 

6.  •’6 

6,62 

96.6 

98.3 

100.7 

Gamma,  1.4  x  10®  +  2  Hr  at  500  F 

4.43 

4.83 

2.69 

74.8 

82.6 

48.2 

Gamma,  1.4  x  10®/500  F 

3.67 

.  4,89 

4.52 

62.0 

83.6 

81.1 

Gamma,  1.4  x  10®/500  F  +  2  Hr  at  400  F 

4.24 

4.72 

4.06 

71.6 

80.7 

72.8 

Gamma,  1.4  x  10®/600  F  +  2  Hr  at  500  F 

4. 19 

4,46 

4.2rfb) 

70.8 

76.1 

75.3 

Gamma,  1.4  x  10®/500  F  +  2  Hr  at  600  F 

3.58 

3.93(** 

3.  erf*) 

60.5 

67.9 

63.7 

(a)  Frayed  and  brittle. 

(b)  Frayed. 

Note;  Gamma  exposure  in  ergs  g-'(C). 
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TABLE  C-31.  STRENGTH  PROPERTIES  OF  NOMEX  YARNS  EXPOSED  TO  GAMMA  RADIATION /AND/OR 
ELEVATED  TEMPERATURE ( SCO  F)(7,i> 


Tenacity, 
Grains /den1 1 

Strength  Retained, 

% 

Natural 

Inr. 

'Grange 

Olive 

Green 

Natuial 

Int. 

Change 

Olive 

Green 

Original 

5.  P2 

5.65 

5.58 

Original  +  2  Hr  at  600  F 

2.  If 

3.29 

2.86 

37.0 

56.3 

51.3 

Gam;-  a,  7.0  x  10® 

5. 32 

5.95 

S.r9 

89.9 

101.7 

101.9 

Gamma,  7.0  x  10®  +  2  Hr  at  600  F 

2.93 

3.06 

2.40 

49.5 

52.3 

43.1 

Gamma,  7.0  x  10®/600  F 

2.77 

3.54 

2.31 

46.8 

60.6 

41.6 

Gamma,  7. 0  x  10®/600  F  +  2  Hr  at  400  F 

2.97 

3.71 

3.10 

50.2 

63.5 

55. 6 

Gamma,  7.0  x  10®/600  F  +  2  Hr  at  500  F 

2  75 

3. 12 

2.5C^b> 

46.8 

53.4 

44.8 

Gamma,  7.0  x  10®/600  f  +  2  at  600  F 

2. 09 

3.04 

2.6^a) 

35.7 

51.9 

47.6 

Gamma,  1.4  x  109 

5.71 

5.75 

5.62 

98.5 

98.5 

100.7 

Gamma,  1.4  x  109  *  2  Hr  at  600  F 

2.74 

2.74 

2.54 

46.2 

46.8 

45.5 

Gamma,  1.4  x  109/600  F 

2.13 

1.0.^ 

i.6^a) 

36.0 

17.9 

18.7 

Gamma,  1.4  x  109/600  F  +  2  Hr  at  400  F 

2.07 

2.22 

1.77<b) 

34.3 

37.5 

31.8 

Gamma,  1.4  x  109/600  F  +  2  Hr  at  500  F 

2.30 

2.35 

2.12(a> 

3&T9 

40.2 

38.0 

Gamma,  1.4  x  109/600  F  +  2  Hr  at  600  F 

1.8£*a> 

2.41(a> 

2.1flta) 

31.9 

"  r» 

38.6 

(a)  Frayed  and  brittle. 

(b)  Frayed. 

Note:  Gamma  exposure  in  ergs  g'1  (C). 


TAB1.1  C32.  ELONGATION  PROPERTIES  OF  NOMEX  YARNS  EXPOSED  TO  GAMMA  RADIATION  ,...£>/ 
OR  ELEVATED  TEMPERATURE  (400  F)<76> 


Original 

Original  +  2  Hr  at  400  F 
Gimni.,  7.0  x  10® 

Gamma,  7.0  x  10®  •*  2  Hr  at  400  F 
Gamma,  7.0  X  10®/400  F 

Gamma,  7.0  x  108/400  F  +  2  Hr  at  400  F 

Gamma,  7.0  x  ip®/400  F  +  2  Hr  at  500  F 

Gamma,  7.0  x  10b/400  F  a  2  Hr  at  600  F 

Gamma,  1.4  x  109  •' 

Gamma,  1.4  x  109  ♦  2  Hr  at  400  F 
Gamma,  1.4  x  109/400  F 

Gamma,  1.4  x  109/400  F  +  2  Hr  at  400  F 

Gamma,  1.4  x  109/400  F  E  2  Hr  at  500  F 

Gamma,  1.4  x  109/400  F  +  2  Hr  at  600  F 

Note:  Gamma  expo-ure  In  ergi  g_1(C). 


Elongation,  Elongation  Retained, 


°!° 

Natural 

Int. 

Or?ngc 

Olive 

Green 

Natural 

Tnt. 

Orange 

Olive 

Green 

14.2 

11.2 

12.0 

3 

12.6 

12.0 

86.6 

112.5 

100.0 

11.5 

14.1 

13.2 

81.0 

125.9 

110.0 

16.2 

14.9 

11.5 

114.1 

133.0 

95.8 

11.2 

12.1 

12.9 

78.9 

108.1 

107.5 

11.8 

12.2 

11.6 

83.1 

108.9 

96.  f 

7.8 

10.5 

2.5 

54.9 

83.7 

20.9 

3.3 

4.2 

2.8 

23.3 

37.5 

23.3 

15.0 

12.9 

13.7 

1O0.6 

115.2 

114.1 

13.5 

13,9 

13.7 

95.1 

124.1 

114.1 

8.5 

10. 5 

4.3 

59.9 

94.6 

35.8 

6.3 

6.8 

3.4 

44,4 

87.5 

28.4 

3. 5 

7.3 

2,8 

24.6 

65.2 

23.3 

6.5 

7.1 

4.6 

45.8 

63.4 

38.4 

C-39 


TABLE  C-33.  ELONGATION  PROPERTIES  OF  NOSitX  YARNS  EXPOSED  TO  GAMMA  RADIATION 
AND/OR  ELEVATED  'i  EMPERAT'JRE  (500  F)<76) 


Elongation, 

Elongation  Retained, 

% 

Int. 

Olive 

Inc. 

Olive 

Natural 

Oia:ig>_ 

Green 

Natural 

Orange 

Green 

Original 

14.2 

11.2 

12.0 

Original  +  2  Hr  at  500  F 

10.3 

11.6 

7.6 

72.5 

103.5 

63.3 

Gamma,  7.0  x  108 

11.5 

14.1 

13.2 

81.  C 

125.9 

110.0 

Gamma,  7. 0  x  108  +  2  Hr  at  500  F 

8.3 

8.8 

2.4 

58.5 

78.6 

20.0 

Gamma,  7.0  x  10b/500  F 

10.3 

10.3 

«.  2 

72.5 

93.7 

35.0 

Gamma,  7.0  x  108/500  F  f  2  Hr  .u  -too  F 

8.4 

8.6 

3.6 

59.2 

76.8 

30.0 

Gamma,  7.0  x  108/500  F  +  2  Hi  a.  >00  F 

8.7 

10.5 

5.3 

61.3 

95.1 

44.2 

Gamma,  7. 0  x  108/5G0  F  +  2  Hr  at  600  F 

6.6 

7.8 

5.3 

46.5 

69.7 

44.2 

Gamma,  1.4  x  108 

15.0 

12.9 

13.7 

105.6 

115.2 

114.1 

Gamma,  1.4  x  108  +  2  Hr  at  500  F 

8.8 

10.5 

3.7 

61.6 

95.1 

30.3 

Gamma,  1.4  x  108/500  F 

6.4 

10.8 

■  9.6 

45.1 

96.4 

80.8 

Gamma,  1.4  x  108/S00  F  +  2  Hr  at  400  F 

8.6 

11.4 

7.7 

60.6 

101.8 

62.2 

Gamma,  1.4  x  108/S0u  F  +  2  Hr  at  500  F 

8.8 

9.9 

9.6 

61.8 

87.5 

80.8 

Gamma,  1.4  x  108/S00  F  +  2  Hr  at  600  F 

7.3 

11.0 

9.0 

44.4 

98.2 

75.0 

Note:  Gamma  expoiure  In  ergs  g"1^-)- 


'’'ABLE  >.-34.  ELONGATION  PROPERTIES  OF  NOMEX  YARNS  EXPOSED  TO  GAMMA  RADIATION 
AND/OR  ELEVATED  TEMPERATURE  (600  F)(78) 


Elongation,  Elongation  Retained, 

Jk _  _ £ _ 


Int. 

Olive 

Int, 

Olive 

Natural  Orange 

Green  Natural 

Orange 

Green 

Original 

14.2 

11.2 

12.0 

Original  +  *  Hr  at  600  F 

2.2 

5.5 

3.9 

15.5 

49.1 

32.5 

Gamma,  7.0  x  I08 

11.5 

14.1 

13.2 

81.0 

125.9 

110.0 

Gamma,  7.0  x  108  +  2  Hr  at  300  F 

5.1 

5.7 

3.8 

35.9 

50.9 

31.7 

Gamma,  7. Ox  10s /600  F 

4.5 

6.8 

3.4 

31.8 

60.7 

28.3 

Gamma,  7. 0  x  108/600  F  +  2  Hr  at  400  F 

5.3 

7.6 

5.0 

37.3 

67.8 

41.7 

Gamma,  7, 0  x  108/600  F  +  2  Hr  at  500  F 

4.8 

5.2 

3.4 

37.8 

46.4 

28.3 

Gamma,  7.  7  r  108/600  F  +  2  Hr  at  600  F 

3.1 

5.9 

5.2 

**<  L 

72.7 

43.3 

Gamma,  1.4  x  10® 

13.5 

12.9 

13.7 

95.1 

115.2 

114.1 

Gamma,  1.4  x  108  +  2  Hr  at  600  F 

4.3 

4.2 

3.8 

30.3 

37.5 

31.7 

Gamma,  1.4  x  108/600  F 

3.2 

6.0 

1.7 

22.5 

53.6 

14.2 

Gamma,  1.4  x  10®/600  F  +  2  Hr  at  400  F 

3,9 

3.9 

-2.6 

27.5 

34.2 

21.7 

G-mma,  1.4  X  108/600  F  +  2  Hr  at  500  F 

4.0 

4.6 

3.6 

28.2 

41.1 

30.0 

Gamma,  1. 1  x  108/600  F  +  2  Hr  at  600  F 

3.6 

5.1 

3.6 

26.8 

45.5 

30.0 

Note:  Gamma  exposure  In  etgi  g-1(C). 
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IRRADIATION  DOSE  (MEGARADS) 


FIGURE  C-2. 


TENSILE  PROPERTIES  OF  IRRADIATED 
POLYTETRAFLUOROETHYLENE  FILM 
(VACUUM  =  10-<>  mm  Hg)(8Z) 


a 


Mote:  Sliding  velocity,  3)0  feet  per  minute;  loan,  1000  grains; 


UNFILLED 

19  PERCENT 

29  PERCENT 

10  PERCENT 

19  PERCENT 

PTFE 

GLASS  FIBER 

IN  PTFE 

GLAS '  FIBER 

H  PTFE 

m0s2  in 

PTFE 

GLASS  FIBER, 
(.  9  PERCENT 
MflSglN 
PTFE 

FIGURE  C-3.  COEFFICIENT  OF  FRICTION  AND  RIDER  WEAR  FOR  VARIOUS 
POLYTETRAFLUOROET.HYLENE  COMPOSITIONS  SLIDING  ON 
440-C  STAINLESS  STEEL  IN  VACUUM  (10-9  mm  Hg) 


J 


400 


-300  -200  -100 

TEMPERATURE (°F) 


0 


>E  C-4.  TENSILE  STRENGTH-OF-PbUOROCARBON  PLASTICS 
AT  CRYOGENIC  TEMPERATURES^) 


C-48 


FIGURE  C-7.  EFFECT  OF  X-RAY  IRRADIATION  ON  TFE-6 
(DISSIPATION  FACTOR)*63' 


HISS'PATION  FACTOR 


C-49 


RECOVERY  TIME  (DAYS) 


FIGURE  C-8.  RECOVERY  CHARACTERISTICS  OF  TFE-6  SPECIMENS 
AFTER  X-RAY  IRRADIATION^) 


'  PERCENT  INCREASE  IN  DIELECTRIC  CONSTANT 


C-50 


FIGURE  C-9.  EFFECT  OF  X-RAY  ERADIATION  ON  TFE-6 
(DIELECTRIC  CONSTANT)(63) 


DOSE  (RADS) 


FIGURE  C- 10.  EFFECT  OF  X-RAY  IRRADIATION  ON  FEP-  100 
(DISSIPATION  FACTOR)'63) 
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FIGURE  C-ll.  EFFECT  OF  X-RAY  IRRADIATION  ON  FEP-100  (DIELECTRIC  CONSTANT^63* 


0.005 


/ 


EXPOSURE  1 1Mc  (HOURS) 


1.  COMPARISON  OF  THE  EFFECTS  OF  X- IRRADIATION  ON 
THE  DISSIPATION  FACTOR  OF  PTFE-6  IN  VACUO 
(5  x  10‘6  mm  Hg)  AND  IN  AIR*64) 


vl 


z 

Ul  —  O 

2  o  *- 

O  t-  „ 

e  ^  to 

L  i  N 


if?,**  I 


Z  K 

a  < 

to  to 


x' 

1- 

w 

o 

X 

Z 

« 

Ul 

a: 

15 

te 

a 

6 

< 

z 

UJ 

o 

j 

X 

1- 

, 

0 

w 

X 

Z  1 

UJ 

X 

X 

*- 

V) 

UJ 

-J 

*3 

V) 

z 

X 

q 

UJ 

-j 

"1 

FIGURE  C- 13.  RADIATION  EFFECTS  ON  MYLAR  '•  F.  C-  14.  RADIATION  EFFECTS  ON  ALUMINIZED 
FILM(i3)  MYLAR  FILM*13) 


C-55 


ATMOSPHERE -LIQUID  NITROGEN 


CONTROL 


0  IRRADIATED 


•  ±1  SO 


FIGURE  C- 15,  RADIATION  EFFECTS  ON  ALUMISEAL  FILM^13) 
(Mylar- Aluminum- Mylar  Laminate) 


ELONGATION  AT  BREAK (^LRCENT)  TENSILE  STRENGTH  (I05  PSD 


056 


FIGURE  C- 16.  EFFECTS  ON  TENSILE  PROPERTIES  OF  HT-1  FIBERS  BY 
IRRADIATION  IN  VARIOUS  ENVIRONMENTS  WITH 
253.7  mfi  LIGHTS) 


C-57 


IRRADIATION  TIME  (HRS) 


FIGURE  C- 17.  EFFECTS  ON-  TENSILE  PROPERTIES  OF  POLY  BENZIMIDAZOLE 
FIBERS  BY  IRRADIATION  IN  VARIOUS  ENVIRONMENTS  WITH 
253.  7-mM  LIGHT*77) 


ELONGATION  AT  BREAK  (PER  :ENT)  TENSILE  STRENGTH  (lO  4 PSD 


C-58 


FIGURE  C- 18.  EFFECTS  ON  TENSILE  PROPERTIES  OF  FIBERS  OF 
THIAZOLE  POLYMER  BY  IRRADIATION  IN  VARIOUS 
ATMOSPHERES  WITH  253.  7-mF  LIGHTS) 


ATMOSPHERE-LIQUID  NITROGEN 


^CONTROL  j^J  IRRADIATED  ©±ISD 


FIGURE  C-20.  COMPARISON  OF  BREAKDOWN  VOLTAGE  UNDER  DIFFERENT 
TEST  AMBIENTS  FOR  FILM-COATED  WIRES*78) 


FIGURE  021.  COMPARISON  OF  BREAKDOWN  VOLTAGE  UNDER  DIFFERENT 
TEST  AMBIENTS  FOR  FIBROUS-COATED  WIRES' ,e' 


FIGURE  C-22.  WEIGHT  LOSS  OF  POLYIMIDE  IN  ^  -  CUUM  AS  A  FUNCTION  OF  SPECIMEN 
TEMPERATURE,  AMBIENT  PRESSURE,  10" 7  TO  10-8  MILLIMETER  OF 
MERCURY*65) 


IS  PERCENT 
GRAPHITE-FILLED 
POLYIMIDE  ON 
440-C,  STAINLESS 
STEEL  ” 


FIGURE  C-23.  COEFFICIENT  OF  FRICTION  AND  RIDER  WEAR  FOR 
VARIOUS  MATERIAL  COMBINATIONS  IN  VACUUM 
(i0_9  mm  Hg) 

Note:  Sliding  velocity,  390  feet  per  minute;  load, 

1000  grams;  duration  of  run,  1  hour;  no 
external  specimen  heating(^) 
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FIGURE  0-25.  RADIATION  EFFECTS  ON  MAGNOLIA  FOAM(13) 


PERCENT 


C-66 


ATMOSPHERE- LIQUID  NITROGEN 


FIGURE  C-26.  RADIATION  EFFECTS  ON  MAT'CAM^13) 
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FIGURE  026.  RADIATION  EFFECTS  ON  COMPRESSIVE  PROPERTIES 
OF  CPR20-3  FOAmU3) 


0  10  100 


RodiaNon  Exposure,  megorods 

FIGURE  C-29.  EFFECTS  OF  GAMMA  RADIATION  ON  VISCOSITY  OF 
SILICONE  FLUIDS^6.1 
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FIGURE  C-30.  EFFECTS  OF  GAMMA  RADIATION  ON  ELECTRICAL  PROPERTIES 
OF  SILICONE  FLUIDS^36) 


C-7.v 


FIGURE  C-32.  EFFECTS  OF  GAMMA  RADIATION  ON  ELECTRICAL  PROPERTIES 
OF  SILICONE  COMPOUNDS^36) 
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GAMMA  RADIATION  ON  ELECTRICAL  PROPERTIES 
1602^36) 


Bectric  Strength ,  v/mil 


FIGURE 


FIGURE  C 
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C-35.  EFFECTS  OF  GAMMA  RADIATION  ON  BOND  STRENGTH  OF 
DOW  CORNING  980  VARNISH^36* 


36.  EFFECTS  OF  GAMMA  RADIATION  ON  ELECTRIC  STRENGTH  OF 
DOW  CORNING  980  VARNISH^36) 
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